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PREFACE

The Engineering Design Handbook Series of the US Army Materiel
Command is a coordinated series of authoritative handbooks containing
basic information and fundamental data useful in the design and
development of Army materiel and systems so as to meet the tactical and the
technical needs of the Armed Forces.

This handbook, one of the Engineering Design Handbook Series, covers
the basic principles of operation of recoilless weapon systems, and provides
the fundamental design methods and procedures employed as a basis for
.future design and development of such systems. Technologies and the
asscciated supporting scientific disciplines that are unique in application to
reccilless weapon systems are presented in sufficient detail tc provide the
design engineer with the system development rationale together with specific
subsystern design methodologies. Included in the presentation are highlights
of -arly developments; system design and operation procedures; terminal,
exterior, and interior ballistics; recoil cancellation, system effectiveness, and
measurement techudques; basic design considerations; rifle and rifle
components; ammunition; mounts; and fire control. The extension and
adaptation of the basic technology to newer generation weapons—e.g., the
TOW System and DRAGON-are not covered.

This handbook was prepared by OEA, Inc., Des Plaines, Illinois—for the
Engineering Handbook Office, Research Triangle Institute, Research Triangle
Park, NC—under the general supervision of Mr. A. D. Kafadar; the principal
authois were Dr. Nuri Y. Olcer and Mr. Sam Levin. Technical coordination
was provided by an Ad Hoc Working Group—chaired by Mr. John J.
Donnelly, Frankford Arsenal-with representatives from the US Army
Tank-Automotive Command, Picatinny Arsenal, Rock Island Arsenal, and
Watervliet Arsenal.

The Engineering Design Handbooks fall into two basic categories—those
approved for release and sale, and those classified for security reasons. The
US Army Materiel Comimand policy i. to release these Engineering Design
Handbooks in accordance with current DOD Directive 7230.7, dated 18
September 1973. All unclassified Handbooks can be obtained from the
National Technical Information Service (NTIS). Procedures for acruiring
these Handbooks follow:

a. All Department of Army activities having need for the Handbooks
must submit their request on an official requisition form (DA Form 17,
dated Jan 70) directly to:

e, o) ¥adeprd ittt H, S S
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Commander

Letterkenny Army Depot
ATTN: AMXLE-ATD
Chambersburg, PA 17201

[
3
!

(Requests for classified documents must be submitted, with appropriate
“Need to Know” justification, to Letterkenny Army Depot.) DA activities
will not requisition Handbooks for further free distribution

PESEY SEC R
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b. Al other requestors—DOD, Navy, Air Force, Marine Corps,
nonmilitary Government agencies, contractors, private industry, individuals,
universities, and others—must purchase these Handbooks from:

National Technical Information Service
Department of Commerce
Springfield, VA 22151

Classified documents may be released on a “Need to Xnow” basis verified by
an official Department of Army represeutative and processed from Defense
Documentation Center (DDC), ATTN: DDC-TSR, Cameron Station,
Alexandria, VA 22314,
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Comments and suggestions on this Handbook are welccme and should be
addressed to:

Coumander

US Army Materiel Development
and Readiness Command

ATTN: DRCRD-TT

Alexandria, VA 22333

3220 dalh ¢ K Bk

(DA Forms 2028, Recommended Changes to Publications, which are
available through normal publications supply channels, may be used for
comments/suggestions.)
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PART ONE

INTRODUCTION

CHAPTER 1

BACKGROUND INFORMATION

SECTION |

This handbook is an exposition of proven
methods and materials for the engineering
design of recoilless weapon systems. Its
purpose is to guide the engineer—the mature
practitioner as well as the novice—past known
pitfalls and more directly to his project goals.
By providing this comprehensive summary of
the available relevant technology and the
system engineering rationale, it is intended to
aid the technical manager, the project
engineer, and the component designer to
carry out his responsibilities with maximum
efficiency.

While the purpose of this handbook is to
give the engineer all the information he needs
to develop a complete system, greater stress is
laid on those principles and design features
unique to the recoilless weapon and ammuni-

SCOPE

tion, avoiding unnecessary repetition of
material available in other Engineering Design
Handbooks and common texts. For example,
information that is obviously common to
other weapon subsystems—such as warhead
design, fuze design, optical sight design, and
ballistic measurements—are covered here only
in a general way to enable the engineer to
comprehend the intei.clationships of the
various subsystems in the context of the
integrated whole. Refercnces are given for the
detailed treatments of these areas thut are
contained in the Engineering Design Hand-
book Series and other pertinent documents.
This allows for more detailed and exhaustive
coverage of those aspects that are peculiar to
recoilless systems without excessive bulkiness
of the text, It is intended in this way to
maximize the utility of the handbook.

:
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SECTION 1i

HISTORY

1-1 GENERAL

The purpose of this section on history is to
summarize the work tha! has been accom-
plished during recoilless weapon development.
This summary, while describing past aclieve-
ments, is intended to serve as a guide for
future work in this area. As a detai’ 2d history
would require several volumes, only the major
events in the program cutiined i1 Table 1-}
are highlighted herein. In order for the reader
to obtain a more detailed description of these
programs, Refs. 26 and 27 provide an index
of the published reconilless rifle information.

1-2 HISTORY TO END OF WORLD WAR ||

1-2.1 DEVELOPMENT PRIOR TO 1943

The idea of eliminating recoil from weapon
systems is not new. Leonardo da Vinci
(1452-1519), among the prodigious number
and variety of mechanical concepts and
artistic works he endowed to mankind, left a
sketch of a recoilless gun concept showing
two projectiles fired simultaneously in oppo-
site directions from a straight tube.

Work on the development of minimizing
recoil in guns has covered a little over one
hundred years, starting with the use of
pre-engraved, rotating bands as a means of
decreasing recoil being patented in 1857.
However, the modern history of recoilless
weapons does not begin until the beginning of
the twentieth century. In 1914, US Navy
Commander Cleland Davis developed the
concept of combining two guns back-to-back,
¢+~ firing the projectile forward and the other
firing a wad of grease and birdshot rearward
to yield net recoillessness. Cemmander Davis
obtained patents for this invention which he
reduced to practice and mounted experimen-
tally on an airplane (Ref. 1).

In 1921,

a British patent was issued to

Charles J. Cooke on a recoilless gun using the
vented propellant gas jet to balance the recoil.
However, the first recoilless guns developed
using this nozzle principle 1s accredited tc thie
Russians. A Russian weapon of 76.2 mm
caliber was first introduced in 1936 and used
in combat in 1941 against the Finns. Its
design and construction were based on the
genral principles of a patent issued in 1917,
to the Russian mathematician, Riabouchinsky
(Ref. 1).

The Germans developed a recoilless gun of
the two-projectile type in 1939 to equip
aircraft with large caliber (88 mm) armament
to attack surface targets. The recoil momen-
tum imparted by firing its 7-kg projectile was
balanced by accelerating the cartr.dee case (of
equal weight) in the opposite direction. It was
mounted under the aircraft fuselage intended
for dive attack against battleships and other
impertant and difficult surface targets (Ref.
1).

Another German recoilless weapon, this
one constructed with a nozzle to use the gas
jet balancing principle, was issued to its field
forces in the early 1940's for land combat. It
was the 7§ mm L.G. 40. Also, in the early
1940’s, the British actively were investigating
recoilless guns with Sir Dennis Burney making
significant contributions to the advancement
of the technology.

1-2.2 DEVELOPMENT OF 57 mm RIFLE,
M18

US Army interest was aroused by thke
knowledge of some of the foreign develop-
ment and was stimulated by the prospect of
equipping the infantry with a lightweight
cannon capable of defeating armor. In early
1943, the US Army Chief of Ordnance
instructed one of its research and develop-
ment elements, the Pitman-Dunn Laboratory
at Frankford Arsenal in Philadelphia, to

1-3
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explore the feasibility of *... applying the
recoilless principle to the development of a
man-portable, infantry-type weapon for de-
feat of armor”. A program was established on
recoilless rifles under the general coordination
of Colonel René R. Studler, Assistant Chief of
Ordnance for Small Arms Research and
Development, and his staff, especially Dr.
Lafayette Boyd Hedge. Execution and the
technical direction of the program was
assigned to Frankford Arsenal. By mid-year,
Dr. William J. Kroeger, a physicist employed
in that laboratory, had evolved mathematical
exptessions of the essential thermodynamic
relationships governing the ballistic operation
of reccilless guns. Concurrently, teaming up
with Mr. C. Walton Musser and a small group
of scientists and engineers, these principles
were reduced to practice in the form of an
experimental recoilless gun consisting of a
smooth-bore 2.75-in. caliber tube, a propel-
lant combustion chamber, and a breechblock
perforated with many small nozzles. This first
laboratory “test gun” was fired on 27 July
1943 (Ref. 2).

At a meeting held at the Office, Chief of
Ordnance, on 10 September 1943, it was
decided to center the first recoilless rifle
design about a caliber 57 mm shoulder-fired
rifle firing a 2.75-b pre-engraved projectile.
Test Gun No. 2 was designed, but even before
test data from Gun No. 2 were available, the
demand for a lightweight weapon prompted
the start of the final design of the 57 mm
weapon. By October 1943, a firm practical
design of the 57 mm Rifle, T15 (M18) was
achieved.

The T15 Rifle proceeded through d: velop-
ment test firings, beginning in October 1943
at Frankford Arsenal and ending with a final
demonstration before War and Navy Depart-
ment representatives on 26 September 1944
at Aberdeen Proving Ground. In early 1945,
limited production of the 57 mm rifle was
begun and in March 1945, a shipment of fifty
rifles was made for use in European Theater.
During April and May 1945, changes in
design, dictated by observation of weapons in
combat conditions, were initiated. The design

AMCP 708-238

of the weapon then was felt to be adequate
for scrvice use and at the request of the
Army Ground Forces, the 57 mm rifle was
standardized in June 1945 (Ref. 2). In less
than two years from the beginning of
development, the first standardized US
reccilless weapon system was issued to
combat troops. This was the Rifle, Recoilless,
57 mm, M18 shown in Fig. 1-1. in 1945,
General Somerve'l, Comr uading General of
the Army Service Forces, treporting to the
Congress on the deveicpment of new
weapons, stated: “Together with the V-T
fuze, the recoilless gun was the most startling
development of the War until the moment the
atomic bomb exploded” (Ref. 2).

The design goal of this system was one-man
portability and operability, with a second
man to resupply ammunition and load
subsequert rounds in a series. It was to be
fired from the shoulder standing or kueeling
and from the ground suppc ‘>d on a light
integral mount. Its role was to give the
infanty heavy weapons platoon organic fire
support capability, complementing the mortar
and machine gun with flat trajectory high
explosive firepower. The 57 mm M18 System,
weighing 44 1b, and designed to fire a 2.75-1b
projectile at 1200 fps, was used with striking
success in the European and Pacific Theaters

. in WWIL

The unique design features that con-
tributed principally to the successful culmina-
tion of this project in a practical field weapon
were:

1. Pre-engraved Rotating Band. This elimi-
nated the engraving loads on the rifling and
the induced stresses in the gun tube,
permitting a thin-walled, lightweight tube
structure. Also, it eliminated the engraving
force irreproducibility and the resulting
feedback effects into the interior ballistics
and recoil balance.

2. Perforated Cartridge Case. The cartridge
case was designed to perform the traditional
functions of containing the propellant,
projectile, and primer integrating the ammuni-

1-7
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Figure 1-1. Rifle, Recoilless, 57 mm, M18
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tion as a package, and interfacing mechanical-
ly with the gun structure. In. addition,
however, the cartridge cuse served as a cage,
supporting the propellant during ignition and
venting the recoil-balancing gases throu,gh ghe
case liner and then through the pcrtoratxons
in its sidewall, allowing the gases to strcam
rearward along the chamber and to exit
through the nozzles.

3. Nozzie Design. The nozzle was designed
with helical cant to balance projectile spin
torque reaction and with simple nozzle
“blocks” to enable field adjustment of the
effective flow characteristics to restore recoil
balance after erosion of the nozzle had
progressed to an unacceptable level of recoil
imbalance.

4. Pressure Joints. The threaded joint
connecting the chamber and tube was
designed so that internal pressure tended to
force the mating parts more tightly together
due to elastic deformation during the ballistic
cycle. This has become a basic design tenet in
recoilless weapon engineering as well as in
other pressure vessel design. It is more
important in the thin wall sections found in
recoilless systems than in conventional guns
which have much thicker sections.

1-2.3 DEVELOPMENT OF 756 mm RIFLE,
T21 (M20)

Following a demonstration of the Rifle, 57
mm, T15, to the US Army Infantry Board in
February 1944, it was recommended by
Headquarters, Army Ground Forces that
weapons of the 75 mm and 105 mm size be
developed in addition to the 57 mm recoilless
rifle. Design requirements called for a 75 mm
size rifle that fired a projectile weighing
approximately 5 1b with a muzzle velocity of
1000 fps. Chamber pressure was to be
approximately 4000 psi. The design of the 75
mm size rifle was performed at Frankford
Arsenal and was given the nomenclature
“Rifle, 75 mm, T16". The design of the Rifle,
75 mm, T16, was based on the principles
which contributed to the success of the initial

et = A i o Ll Mo~ et
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Rifle, 57 mm, T15. However, the design
gxgeeded the original Ordnance Office direc- ]
tives and it was recommended that the T16 d
gpsxgn project be cloped but that fur&her 1
ggx\nderatxon be given to a 75 mnP, size rifle

f. 3) .

A change in requirements to a 75 mm size
rifle firing a. qogvenuonal 75 mng
pro;eq.qu at ‘a_yelocity of 1500 fgﬁ
chamber pressure 2{5 000 psi prompted the
design of a dengnated as Mi’
Recoilless, 75 mm, Ti7. The gun” was
designed to be fired electrically and use a
nonperforated cartridge case. The case fitted
the contour of the chamber and had its own
venturi. “Consequently”, as stated in Ref. 3,
“there were no erosion problems such as
would have been encountered in a recoilless
rifle having the venturi 2s part of the breech
and firing at these pressures”. Changing
tactical requirements prompted the discon- 1
tinuance of work on the T17 Rifle in favor of !
a lightweight weapon that would fire a
standard HEAT projectiie at a muzzle velocity }
of 2150 fps and a chamber pressure of f
approximately 7000 psi (Rifle, Recoilless, 75
mm, T21).

et it okt . -t b cra S, SN i

POV S g PSRy I

ol

The final design configuration of the T?1
Rifle was designated as Rifle, 75 mm, T21E4. ]
The T21E4 Rifle fired a 75 mm HEAT
projectile with a muzzle velocity of 1000 fps
at a chamber pressure of 6500 psi. The
complete weight of the rifle was 110 1b with
design features basicaily similar to those of
the Rifle, 57 mm, M18. A notable difference
was the interrupted thread breechbiock,
annular nozzle, and tapered chamber of the f
T21E4 Rifle. With respect to the pre-engraved
rotating band, cartridge case with perforated
sidewall, helically canted nozzle, and self-seal-
ing joints, the T21E4 Rifle carried out the
basic design principles of the M18 incorporat-
ing refinements based on the additional
experience gained. The T21E4 Rifle was
furnished to troops in the European Theater
in March 1945. Approximately three months
later, the T21E4 Rifle was standardized along
with Rifle, 7 mm, M18 and designated as
Rifle, 75 mm, M20 as showr in Fig. i-2,

prrq vy <>
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1-2.4 DEVELOPMENT OF 105 mm RIFLE
TO END OF WORLD WAR I

As stated in par. 1-2.3, the desire to have a
lightweight rifle in the 105 nmem class also was
expressed after the successful demonstration
of the Rifle, 57 mm, TI15. The task of
designing this wespon was assigned to
Frankford Arsenal. Performance requirements
were scaled from the T15 Rifle and indicated
that a lightweight projectile weighing approxi-
mately 10 Ib could be fired at a muzzle
velocity of 1000 fps at a rated maximum
chamber pressure of approximately 8G00 psi.
Other requirements included the use of a
perforated cartridge case and the use of a
pre-engraved projectile in order to utilize best
the principles established during ballistic
experience with the T15 Rifle. Designated as
the T18 configuration, the initial 105 mm
rifle design was abandoned since it was felt
the time necessary to develop and manufac-
ture the lightweight projectile was excessive.
This design, therefore, was superseded by the
Rifle, 105 mm, T19, which fired a standard
projectile already being manufactured (Ref.
3).

The Rifle, 105 mm, T19 was designed to
fire a standard HEAT 105 mm projectile at a
velocity of 1250 fps at a chamber pressure of
8500 psi. The rifle weighed approximately
352 Ib and was comparable in performance to
the Howitzer, 105 mm, M2A1 with HEAT
Projectile, M67.

The designs of the firing and breech
mechanisms of the T18 and T19 Rifles are
similar to those of the Rifle. 75 mm, M20.
The only major difference is that the
interrupted thread lugs rctaining the breech-
block in place are integral with the chamber
in the Rifle T18; whereas, in the M20 Rifle
and TI9 Rifle, the lugs holding the
breechblock are contained in a bushing that is
in turn threaded into the chamber.

By April, 1944, just 6 months after
program inception, Frankford Arsenal had
completed the first of the T19 models. In
May 1944, this T19 rifle was demonstrated
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successfully before representatives from the
War Department General Siaff, Headquarters
Army Ground Forces, and Service Boards.
However, active development of the 105 mm
rifle was suspended by Ordnance Committee
action in June 1947,

1-3 HISTORY POST-WORLD WAR ii

1-3.1 DEVELOPMENT OF 1065 mm RIFLE,
T12 (M27)

{n February 1950, the 105 mm recoilless
rifle program was reactivated. Firing tests of
the T19 Rifle were continued and ied to the
standardization of the T19 Rifle. Designated
as the Rifle, 105 mm, M27 (Fig. 1-3), the T19
Rifle became the interim standard i05 mm
recoilless rifle. It was used extensively and
with great success in the Korean action. In
addition, a program was initiated for the
development of a 105 mm battalion antitank
(BAT) weapon that would meet ficld
requirements more completely.

During the BAT program, a fixed fin-sta-
bilized 105 mm HEAT round, capable of
defeating any known tank at a range of 1000
yd was being developed. Concurrently, it was
felt that a similar round should be developed
for the interim standard Rifle, 105 mm, M27.
The complete family of lightweight projectiles
for the M27 Rifle then would include the
fixed fin-stabilized 105 mm HEAT projectile
designatcd as the TI184 along with the
spinstabilized T268 HE (high explosive),
T269 WP (white phosphorus), and T139 HEP
(high explosive plastic) Projectiles.

With the development of a fixed fin-stabi-
lized round, it was necessary to counterbore
the M27 Rifle in order for it to accept the 2
in, longer cartridge case. In addition to this
modification of the existing M27 Rifle and
the standardization of the 105 mm, T!84
round, considerable work was performed in
trying to improve the loug range flight
characteristics of the spin-stabilized HE and
WP projectiles. This work mainly was
concerned with substituting different types of
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Figure 1-3. Rifle, Recoilless, 105 mm, M27; Jeep and Towed Mounts

boattail bases for the existing round base.

1-3.2 DEVELOPMENT OF 1068 mm BAT
WEAPON SYSTEM

1-3.2.1 Development at Frankford Arsenal

In April 1950, Frankford Arsenal was
assigned to supervise the initial development
studies of a2 105 mm battalion antitank (BAT)
weapon. By August 1950, Frankford Arsenal
was given the overall technical supervisory
role in the total BAT decvelopment project.
Besides this supervisory role, Frankfoid
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Arsenal was to develop a long chamber 105
mm recoilless weapon (and mount) using the
rear nozzle principle and a smooth bore tube
to launch a long boom, fixed-fin projectile.
The rifle was designated as the T136 (Ref. 2).

Design of the barrel and chamber of the
T136 Rifle was completed by October 1950,
The first prototype barrel was assembled with
a chamber made at Frankford Arsenal and a
modified novzle-breech assembly from a
Rifle, 105 mm, M27. The decision to use a
modified M27 breech was dictated largely by
the urgency of the development program.
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This first T136 Rifle was proof-fired satisfac-
torily in February 195 . The second and third
T136 Rifles were assembled during the spring
of 1951 and were equipped with mounts and
cal .50 spotting rifles. By compl:tion of
development test firings with the T136 Rifles,
the following chief features had *2en achieved
{Ref. 2):

I. At 195 Ib, the rifle weighed 135 Ib less
than the weight of the Rifle, 105 mm, M27.

2. The rifle had a smooth bore for use with
fin-stabilized projectiles.

3. The barrel incorporated the principle of
“strain compensation’, developed in connec-
tion with thz Rifle, 57 mm, T66. Calculations
showed, in the case of a thin-walled rifle, that
the increase i the bore during firing
combined with the barrel and projectile
tolerances and the projectile clearance might
easily account for the yawing and conscquent
observed inaccuracy. Performance was im-
provzd significantly by the use of oversize
projectiles which fix the barrel during rather
than before firing.

4. The breech opened from right to left to
permit e:sier loading when the loader stands
in his normal position on the right side of the
weapori. Moreover, the breech operating
handle could be placed either above or below
the chamber.

In Octcber, 1951, certain design changes
were made. The resulting TI36E1 Rifle
differed from the T136 model in the
following respects (Ref. 2):

1. Portions of the charaber and barrel were
increased in diameter in order to provide
clearance for cases fabricated from sheet.

2. The barrel was machined to accept the
plastic rotating band immediately ahead of
the oversized bourrelet of the 105 mm
T118E10 Projectile.
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3. The barrel was provided with shallow
groove rifling (0.006 in. deep) with 1 tum in
360 calibers.

4. Both spotting rifle brackets were im-
proved. The rear bracket was designed to
serve also as a mounting for the sights. (A
spotting rifle is a subcaliber weapon that fires
a projeciile whose trajectory matches the
major caliber projectile (see par. 1-3.2.5).)

Soon after the TI36El model was
designed, the need arose for more rapid firing,
up to 6 rounds per minute, which is about the
limit for manual operation. At this rate of
fire, the gun temperature soon rises tc a point
where there is significant degradation in the
yield strength of the steel. These considera-
tions led, in early 1952, to a 105 mm Rifle,
T136E2, which provided adequate strength
up to 600°F. The weight of this rifle was 214
Ib as compared with the 197 1b of the
T136E1l model.

Development of major caliber ammunition
at Frankford Arsenal centered chiefly around
the T118 and the T184 designs. The T118
round was intended to supply a fin-stabilized
projectile for use in the smooth bore T136
Rifle. It originally was scaled up from the 90
mm T108 round, which had a projectile with
a long boom and fixed-fins. The first design
had four fins that were shrouded, ie.,
enclosed to an open end cylinder. Since this
shrcud often was damaged during launching,
the design was changed to six longer and
unshrouded fins. This remained as the basic
design throughout the entire series of E
numbers, which differed chiefly in modifica-
tions of the case and the liner. The only other
char.ge in the projectile (T118E10) consisted
of increasing the bourrelct diameter from
4,133 to 4.145 in, This increase was made in
order to take advantage of the principle of
strain compensation. The bourrelet, whose
diameter was 0.011 in. more than that of the
static bore, fit the strained bore. This
improved the obturation (prevention of gas
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escape between bore and bourrelet) and
insured against excessive weapon wear and
erratic launching of the projectile from the
muzzle (Ref. 2).

The T184 round development was begun in
February 1951, and was intended to furnish
an improved HEAT round for interim use in
the M27 Rifle. It was fin-stabilized and
incorporated the latest fuze and shaped
charge design. It was almost identical with the
T118, but it did not have the oversize
bourrelet and it did have canted fins (4 deg)
in order to maintain a modest spin (approxi-
mately 10 rev per sec) that appeared adequate
during flight and did not degrade terminal
penetration significanily. This was considered
necessary to smooth out the cffects of small
aerodynamic asymmetries imparted by fric-
tion in traversing the launcher. This round
was fired satisfactorily for accuracy in the
summer of 1951 (Ref. 2).

1-3.2.2 Development at Firestone

In August 1950, the Firestone Tire and
Rubber Company was awarded a contract for
the design and development of a short
chamber, 105 mm tecoilless rifle (and
mount), This rifle was to have the rear nozzle
principie and be abie to use either a slow spin
projectile fired from a rifled tube or a fin- or
drag-stabilized projectile launched from a
smooth bore tube. This gun was designated as
the T137. Firestone was also requested to
investigate a slow-spin round, conceived at the
Ballistic Research Laboratories and designated
as the T138 round; a folding-fin type round
(similar to a 75 mm round developed by
Armour Reszarch Foundation) designated as
the T119; and a drag-stabilized or short-rixed
fin round, known as “Moby-Dick” and desig-
nated as the T171 (Ref. 2).

in a three year period, 1950-1953,
Firestone developed the “short chamber”
(500 in?® chamber volume) Recoilless Rifle
and Mount designated as the T137 and T152,
respectively. Beginning with interior ballistic

i-14

calculations in September 1950, the first
prototype T137 Rifle was assembled and
proof tested by June 1951. The greatest
number of test firings were conducted with
the slow spin-stabilized T138 Projectile and
by the end of 1952, the round was developed
to the point of satisfactory accuracy at ranges
up to 1500 yd.

The folding-fin Projectile HEAT, T119 was
developed by mid-1953 (preferential treat-
ment was given to the T138 Projectile as
requested) to the point of satisfactory
accuracy at 1000 yd from a smooth bore
tube. When the requircmcnt from the ONTOS
(see par. 14.7) development specified a rifled
tube, Firestone altered the T119 Projectile
and secured a “better-than-required” accuracy
at ranges up to 2000 yd. In July 1953, the
TI119E11 Projectile was approved as the
standard ammunition for the BAT Rifle and
Ammunition System and was designated as
“Shell, HEAT, 106 mm, M344” (Ref. 2).

1-3.2.3 Development of 106 mm Rifle, M40

The 105 mm, T136 Ritle System was
developed to a high degree of compliance
with the military characteristics desired by
the Army Field Forces; prototypes of weapon
and ammunition successfully passing engineer-
ing tes.s at Aberdeen Proving Ground.
However, the ammunition design was based
on the concept of a family of homogeneous
fin-stabilized projectiles. During 1952, the
decision was made by the Ordnance Office to
include only one fin-stabilized projectile (the
HEAT) in the family; the balance being
spin-stabilized projectiles. In view of this
decision, the Arsenal project was re-oriented;
the development of the T136 system was
suspended and major attention concentrated
on the development of the T170 Rifle, which
had been initiated in the fall of 1951. It was
to have conventional deep rifling so th:t it
would be capable of firing spin- as well as
fin-stabilized projectiles. This rifle, whose
design was completed late in 1951, used
standard breech components of the M27
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SPOTTING:  M8C
MOUNT, RILE 106MM, M79 -

Figure 14. Rifle, Recoiliess, 106 mm, M40,
en the Ground Mount

Rifle, that were altered slightly to prevent
firing of similar but unsuitable ammunition. It
was similar in external appearance to the
T136 Rifle and incorporated the various
improvements that gradually had been added
to the design of the T136—such as high yield
strength material, strain compensation, spot-
ting rifle mounting brackets, firing mech-
anism, and breech opening mechanism.
Prototypes of the T170 barrel were made at
Frankford and Watervliet Arsenals. This riile
was later standardized as the Rifle, Recoilless,
106 mm, M40 shown in Fig. 14 and became
the major caliber weapon of the BAT System
(Ref. 2). The M40 Rifle actually has a bore
diameter of 105 mm, but is called 106 mm
for logistical reasons.

In July 1952, the Office, Chief of
Orzdnance decided that the Frankford Arsenal
T170 and Firestione T137 Systems would
remain as possible choices for the BAT Rifle
System. At this time, the following combina-
tions of packages of projectiles were sclected
for use in the BAT System:

1. T138E57 HEAT, T263 HE, T261 WP
fired from a tube with a twist of 1 turn in 200
calibers

2. T119 HEAT, M323 HE, M325 WP,
M326 (T139E36) HEP fired from a tube with
a rifling twist of 1 turn in 20 calibers

AMCP 708-238

3. T184 HEAT, M323 HE, M325 WP,
M326 (T139E36) HEP fired from a tube with
a rifling twist of 1 turn in 20 calibers.

Combined engineering and field service
tests were performed at the Aberdeen Proving
Ground during September and October, 1952,
to evaluate the rifles and ammunition still
under consideration for the BAT System. As a
result of these tests, the T138 slow-spin
projectile was eliminated from further con-
sideration because its performance at an
extended range of 2000 yd was inferior to
that of the finned HEAT rounds. As a result
of subsequent Service Board Tests at Fort
Benning, Georgia, and further comparison
tests at Aberdeen Proving Ground, the
Frankford Arsenal T170 Rifle and the
Firestone Tire and Rubber Company Car-
tridge TI19E11 were selected for the interim
BAT System. Upon standardization, the
HEAT folding-fin-stabilized cartridge was
designated as M344, and the TI170 Rifle
designated as the Rifle, 106 mm, M40.

1-3.2.4 Development at Frigidaire

The Frigidaire Division of the General
Motors Corporation was assigned the task of
developing a front-orifice type 105 mm
recoilless rifle for the battalion antitank
(BAT) Weapon System. This rifle was to be
capable of firing the projectiles developed
under the other BAT programs. Designated as
T135, the front-orifice rifle used a solid-wall
cartridge case instead of a perforated case.
The exit of the recoil neutralizing propellant
gases took place at the mouth of the cartridge
case, expanding radially into a small chamber
and then rearward through the nozzle.

Specifications called for the BAT Rifle to
fire a 17.5-1b projectile 1000 yd with a 0.25
mil accuracy. The maximum chamber pres-
sure was to be about 12,500 psi with a muzzle
velocity of 1750 fps. The desired weight of
the rifle was to be as near 200 Ib as possible.
Interior ballistics were performed by the
Armour Research ¥ -undation in order to
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establish the chamber, barrel length, and
nozzle characteristics of the first prototype
rifle. The design of the T13S Rifle evolved
through seven prototype and engineering
models with firing tests of the various models
performed at Fort Sheridan, Illinois, by
Armour Research Foundation. Although the
final models of the T135 weapon were found
to be mechanically and ballistically successful,
the lightest model weighed over 300 Ib. With
studies indicating that tlie minimum possible
weight for a front-orifice rifle would be
250-275 Ib, it was decided that the front-ori-
fice rifle was too heavy to be carried by hand.
As a result, the program was terminated with
the manufacture of the last engineering mod-
l. .

1-3.2.5 Spotting Rifle Developmoht

During the formulation of the BAT
program, the concept of the subcaliber
spotting rifle was introduced. The subcaliber
rifle is mounted on the major caliber rifle
with its bore approximately parallel to that of
the major caliber rifle in order for the
spotting projectile to match the trajectory of
the major caliber round. In May 1950,
Frankford Arsenal was advised by the Office,
Chief of Ordnance that it should initiate work
on the design of a cal .50 spotting buliet
having as high a ballistic coefficient as
possible. By July 1950, the development of a
cal .50 spotting rifle was begun at both
Springfield Armory and the Remington Afms
Company,

The development of the cal .50 spotting
rifle at Springfield Armory resulted ir. four
distinct rifle models. These four models were
designated as the T43, T46, T46El, and
T46E2. The first of these models, designated
as the T43, used the standard cal .50 machine
gun cartridge loaded with a reduced powder
charge. Weighing 661 grains, the projectile
attained a muzzle velocity of 1800 fps in a
36-in. length barrel. The T43 Rifle was
semiautomatic, gas-operated, and used a
conventional double column box mag,azine.
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Due to the urgency of the spotting rifle
development, detailed component drawings of
the T43 mode! were prepared in haste, the
first component drawings being released for
fabrication just nine weeks after program
initiation. The first test T43 model was fired
at Springfield Armory 17 weeks after the
program start. Since the drawings were
hurriedly prepared, they did not guarantee
100 percent interchangeability of parts for
assembly and function, and because the
service life of the component parts left much
to be desired, oniy limited test firings were
conducted with the T43 Rifle (Ref. 4).

The second step in spotting rifle develop-
ment was undertaken to correct deficiencies
existing in the previ.us T43 model and to
accommodate a shortened cal .50 round. The
length of the round was reduced because of
the reduced powder charge required. The
major design change in the T46 Rifle was a
change in the slide and receiver design from a
rectangular to cylindrical construction while
retaining the rectangular bolt construction of
the T43 Rifle. While better than the T43
design, the T46 Rifle was plagued with the
following types of maifunctions: (1) operat-
ing power was marginal, (2) ammunition was
not properly fed, (3) spent cartridge cases
were not always ejected, and (4) firing
mechanism failed to remain in the cocked or
ready-to-fire position.

In order to eliminate these maifunctions
and reduce the firing error of the T46 model,
a second redesign of thc cal .50 spotting rifle
was made. Designated as the T46E1, the new
model had a reduced barrel length, from 36 to
32 in., in order to reduce the projectile travel
from gas port to muzzle exit. This change
causes an earlier venting of the bore gas
pressure, resulting in a lower chamber
pressure at the instant of breech unlock. An
increase in the initial volume of the gas
system retarded the early acceleration of the
piston and, because of the resulting longer gas
system time, the maximum piston velocity is
reduced.
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While these design changes led to improve-
ments in the weapon accuracy and a
reduction in the number of malfunctions, it
was felt that a better design was still in order.
In the next redesign of the spotting rifle,
designated as the T46E2, three major
improvements were made:

1. The cable pull load required to fire the
rifle was reduced.

2. The rebound of the operating slide from
battery was reduced.

3. The operating power in the rifle was
controlled by incorporation of a needle-valve
type gas-regulator.. The improvement of the
spring forces acting on the firing cable was a
matter of refinement and adjustment of the
existing design with the reduction of the slide
rebound, malfunctions caused by the hammer
impacting the firing pin when it is in the
locked, out-of-battery position were pre-
vented. Differences in the effective rigidity of
the rifle mounts in addition to variation in the
magnitude and operating power given by
different lots of spotting rifle ammunition
made the incorporation of a power regulating
device imperative.

As a result of these design changes and
numerous refinements throughout the spot-
ting rifle design, function was improved to a
substantially satisfactory status. The firing
error of the T46E2 was almost one-half the
error obtained with the T46 design; at a range
of 100 yd the mean target radius was 1.50 in.
for the T46E2 Rifle as compared to 2.82 in.
for the T46 model.

14 OTHER RECOILLESS WEAPONS OF
CALIBER 106 mm OR SMALLER

14.1 37 mm RIFLE, T62

In July, 1945, the Office, Chief of
Ordnance requested Frankford Arsenal Ord-
nance Laboratory to design and develop a 37
mm single shot recoilless rifle. Designated as
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the Rifle, 37 mm. T62, this rifle was to fire
Projectiles M54 and M63 at velocities of 1250
and 1200 fps, respectively. This 37 mm
recoilless rifle was to be shoulder-fired for use
as an antipersonnei type weapon. The first
design of the T62 Rifle was proof-fired in
May 1946. Aftér firing of the tenth round,
the lugs that locked the breech into the
chamber showed evidence of failure by
bending and firing was discontinued. In
addition to the breech design failure, the first
eight rounds fired resulted in ignition failures
(Ref. 3).

The breech locking mechanism and the
firing mechanism were redesigned and the
new rifle model designated as T62E1. This
rifle functioned satisfactorily in subsequent
proof-firings. However, the chorge develop-
ment to give the required bafisddt “perfor-
mance was never completed since- the project
was shelved.

1-4.2 57 mm RIFLE, T66

In 1951, a replacement of the original 57
mm recoilless rifle (the M18) was proposed.
Technological advances from those crude
models of relatively early days offered
improvements in practically all areas: interior
ballistics, flight dynamics, HEAT penetration
performance, and structural and mechanical
design of the rifle. The new rifle, designated
as the T66, was to match the performance of
the M18 Rifle (1200 fps) at a considerably
lower maximum chamber pressure. One of the
first considerstions in the T66 barrel design
was the use of steel with a higher yield
strength. As such, the barrel walls could be of
relatively thin cross section as compared to
that of the MI18 Rifle. By use of better
propellants, the first T66 Rifle design was 14
in. shorter than the M18 Rifle and weighed 28
Ib including all accessories, as compared to a
weight of 44 Ib for the M18.

All development activity proceeded
smoothly until firing tests were performed on
the initial T66 designs. Considerable in-
accuracy was encountered and the basic cause
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was not known. After considerable investiga-
tion into such possible causative areas as the
method of mounting and nozzle symmetry, it
was found that the projectiles were yawing
excessively, Upon further studies, it was
hypothesized that the yaw in exterior flight
was related to the yaw and balloting of the
projectile during bore travel. Further calcula-
tions showed that the expansion of the highly
stressed barrel during firing could be great
enough so that if the projectile was crowded
to one side of the bore, it could become
disengaged completely from the rifling on the
other side. Tlie use of high-speed X-ray
equipment verified this hypothesis by indicat-
ing that significant yaw did occur within the
barrel (Ref. 6).

As a result of these studies, it was found
that for any weapon which uses a barrel that
is strained highly by firing, the projectile
should be designed to fit the Larrel during the
firing rather than prior to firing. The use of
this strain compensation principle was first
made in the T66 Rifle and has been used on
many of the subsequent recoilless rifle
programs.

In jate 1954, a requirement that the T66
Rifle be capable of firing the same mixed
family of fin- and spin-stabilized projectiles as
used in the MI18 Rifle was added. The
projectiles developed during the T66 program
were the spin-stabilized HE, T115 and the
fixed fin-stabilized HEAT, T188. Complete
prototype systems were designed, built, and
successfully demonstrated. However, the
project was terminated due to lack of
sufficient user interest in 1958, after comple-
tion of User Tests by the US Army Infantry
Board. More information on the T66
developmeni program is found in Refs. 6, 7,
8,and 9.

14.3 2.75-in. RIFLE, T190

Among the programs conducted at the
Armour Research Foundation was the devel-
opment of a single shot and repeating
recoilless rifle to fire the 2.75 in. boosted
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rocket used in the T12( ammunition. These
weapons were intended for air-to-air use and,
accordingly, carried restrictions of light-
weight, simplicity, and ease of loading.
Requirements for the single shot 2.75-in.
recoilless rifle, designated as the T190, were
(Ref. 4):

I. Fre a 2.75-in. spin-stabilized boosted
rocket with a nominal weight of 5.5 Ib

2. A muzzle velocity of 1200 fps

3. Peak chamber pressure under 6000 psi if
possible

4. Recoil balance such that the transmitted
force to airframe is less than 1000 1b

5. Rifle front profile as small as possible
for purpose of parallel stacking of rifle

6. Use of muzzle and nozzle blast tubes to
shield adjacent portions of assembly and
aircraft

7. Weight of loaded cluster to be 300 Ib
maximum.

The repeating version, designated as the T191,
has ecsentially the same requirements except
that the boosted rocket was to be fired in
automatic operation at a minimum rate of fire
of 600 rounds per minute.

The principal technical problems of interest
concerned design for minimum system
weight, interior ballistic uniformity at the low
operating pressure of 6000 psi and over the
extreme ambient temperature range foi
aircraft, automatic feed mechanism design,
effects of nozzle erosion, gun heating, and
blast effects on the aircraft structure.
Compromise solutions to the trunnion reac-
tion problem were examined, considering
partial recoillessness coupled with soft mount-
ing. Pre-engraved vs self-engraving rotating
bands in the uniform twist and increasing
twist were investigated with respect to
ballistic reproducibility. The pre-engraved
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band with uniform twist solution was found
to be superior. Perhaps the most striking
event in the program, from a technical history
standpoint, was the construction and testing
of a glass fiber reinforced plastic gun. In
collaboration with the US Naval Ordnance
Laboratory at White QOak, Maryland, a test
gun was designed, built, and fired (1956). The
tube survived several shots at full pressure and
velocity, and showed acceptabie ballistic
uniformity and projectile accuracy. This was
an early indication (perhaps the first) of the
potential for this material for construction of
guns. The project was terminated in 1957
with the suspension of the user requirement.
For more information regarding the 2.75-in.
recoiiless rifle, the reader is directed to the
material found in Refs. 4 and §.

1-4.4 90 mm RIFLE AND AMMUNITION

Various evaluation studies of multipurpose
shoulder weapons conducted in the late
1940’s indicated the need for a 90 mm
recoilless rifle. As a result of these studies,
Arthur D. Little, Inc. and Midwest Research
Institute (MRI) were given Ordnance Con-
tracts to develop 90 mm platoon antitank
(PAT) recoilless rifles. The objectives of these
programs were to develop a rifle weighing less
than 30 lb, capable of being either shoulder-
or ground-fired. The rifle was to have very
good accuracy at 500 yd and capable of
defeating tank armor up to 6 in. thick at a
maximum obliquity of 60 deg (Ref. 4).

The Arthur D. Little rifle, designated as the
T149, differed from the more conventional
rifles developed before 1951, being very light
for its caliber and using a novel breech
mechanism. The annular two-lobe nozzle
breech is basically a rotating cam ring which
locks the round in place, cocks the firing
mechanism, and actuates the extractor. Recoil
compensation is provided as the discharging
propellant gases pass through the annular
nozzle. The nozzle contours are formed by
the inner surfaces of the chamber and cam
ring, and by the outer surface of the cartridge
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case base. Another unique feature of the
T149 Rifle was a firing mechanism in the
lower rear of the chamber which caused a
firing pin to be driven radially into a side-fire
percussion cap in the cartridge case base (Ref.
10).

The PAT program at Arthur D. Little also
included the development of fin-stabilized
HEAT, HE, and WP projectiles for use with
the T149 Rifle. Weighing 9 1b, the Projectile,
HEAT, T249 was the only projectile carried
through complete development. The design of
the HEAT projectile was based largely on the
configuration of the 105 mm, TI18 con-
figuration. One of the interesting and unique
design aspects of the T249 Projectile con-
cerned the application of the rotating bands
to the projectile. Prior to PAT development,
rotating bands, whether plastic or metal, were
fabricated from sheet stock and then
cemented or brazed to the projectile, or
machined integrally from the projectile. In
the Projectile, HEAT, T249, a plastic rotating
band is injection-molded directly to the
projectile.

In February, 1952, the Office, Chief of
Ordnance, set priorities on the development
of a suitable PAT rifle-ammunition system.
Since the T149 Rifle was given last priority,
the T149 Rifle and ammunition were never
presented for user tests (Ref. 11).

Midwest Research Institute received its
PAT weapon contract in December 1951. The
objectives of the PAT program were very
similar to thosc given to Arthur D. Little. The
MRI 90 mm recoilless rifle design was
designated as the T184. The T184 Rifle
design also achieved a very low weight due to
the employment of two unconventional
features not previously used in recoilless rifle
design. The first unique aspect was the use of
a reverse tapered cartridge case (smaller in
diameter at the base than at the mouth). The
cartridge case has a 57 mm base which
permits the use of a reduced diameter and
thus lighter breechblock. Secondly, the
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breechblock was a two part assembly
composed of a steel breechblock and an
aluminum venturi expansion cone which
further contributed to weight reduction (Ref.
4).

Initial analytical studies in the PAT
program indicated that a conventional 61b
projectile and a recoilless rifle having a bare
weight of 25 1b could not meet the required
first round hit probability at the specified
range and muzzle veiocity. Further studies
indicated the need for using rocket-assisted
(RA) projectiles. Two RA projectiles were
designed for use in the T184 Rifle. The first
projectile, designated as the T273 HEP RA,
was designed on the basis of a scaleup of the
2.75-in. T131 Rocket, and contained a solid
cast grain rocket motor and an HEP warhead.
The second projectile, designated as the T274
HEAT RA, employed the same rocket motor
ag the T273 round but contained a shaped
charge warhead. The warhead was separated
from the rocket motor by a bearing section
that permitted the rocket motor to rotate at
the high speed required for round stability
while the warhead was maintained at the low
spin rate necessary for maximum terminal
effectiveness (Ref. 4).

As a result of the HEP round not being able
to meet the armor defeating requirements and
because of the wide dispersions encountered
during range firings, the T184 program was
terminated in 1955 in savor of the T219
program which was to be conducted at
Midwest Research Institute. The T219 PAT
Rifle requirements permitted an increase in
rifle weight to 30 ib so that the peak chamber
pressure could be increased in order to
eliminate the need for a rocket-assisted
projectile,

The 90 mm T219E4 model, as shown in
Fig. 1-5, is a 354b boresized, shoulder-fired,
recoilless rifle. The T219E4 PAT Rifle
incorporates a central-orifice, bar breech, and
may be loaded and fired by one man,
although it was designed for a two-man team.
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Firing the Cartridge, 90 mm, HEAT, T249Eé6
at a muzzle velocity of 700 fps, the T21954
Rifle attained a first round hit probability of
50 percent at 500 yd (unaided visual ranging)
and was capable of defeating any armor likely
to be encountered in the battle area, Primarily
designed as an antitank weapon, it was also
highly effective against emplacements and
grouped personnel,

By August 1959, the T219E4 Rifle,
T249E6 Cartridge, and auxiliary items were
standardized and designated as Rifle MAW
(medium antitank weapon), 90 mm, M67;
Cartridge, 90 mm, HEAT, M371; Telescope,
M103; and Telescope Mount, M110. This
standardization was given conditionally on
the basis that certain design corrections would
be made. The deficiency to be corrected was
the low temperature firing performance.
During arctic firing tests, the CARDE (see
par. 1-6.10) T31 sheet Propellant used in the
T249 Cartridge revealed an apparent tendency
toward high velocity levels and dispersions,
accompanied by potentially unsafe high
pressures. As a result, emphasis was placed in
establishing the suitability of a granular
propellant. On the basis of the best uniform
performance, M5 Propellant was selected for
use in the M371 Cartridge. Other improve-
ments made in the 20 mm MAW Weapen
System were the simplification of the breech
design, by reducing the number of compo-
nents from 28 to 14 parts, and the
strengthening of the projectile spike-to-body
assembly in order to prevent separation of the
spike from the body.

During studies of the various designs for
the ultimate battzlion antitank (U-BAT)
weapon, it became evident that one of the
designs offered greater promise in obtaining a
very lightweight rifle, and that a rifle of this
nature would find tremendous application in
the 90 mm PAT Rifle program. Designated a:
the T234, this rifle design had several unique
features. One feature was the absence of a
breech that must be opened and closed by the
operator. As described in Ref. 12, the nozzile
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15 of central-orifice design, but divided into
eight segments. The segments are spring-
loaded to the closed position so that as the
round is inserted, the nozzle moves forward
and coxpands radially outward to permit
chambering of a round with a larger diameter
than the nozzle throat.

Ammunition for the T234 Rifle was also
unique in that a metal cartridge case was not
used. Instead, a thin, plastic powder envelope,
which is consumed during firing, was used and
the need for expended case extraction
eliminated. Firing of the chambered round
was accomplished by attaching an ignition
transmission line (pigtail) to the projectile
boom. After chambering of the round, the
end of the pigtail is inserted into the firing
mechanism contained in the rear part of the
rifle mount. Shown in Fig. 16, the T234
Rifle weighs 34.5 1b with the round weighing
8.51b.

In early 197 ., several original requirements
were changed under the heading of the
Super-PAT program. The 90 mm Super-PAT
Rifle was to be essentially the same design as
the Jast configuration of the T234 Rifle.
However, it was to employ a high strength
steel barrel-chamber (200k to 205k psi yield
strength as compared to normal yield
strenghs of 160k to 175k psi). Internal,
external, and terminal ballistic conditions
were to remain the same, although with the
addition of cal .405 spotting pistol, the
weadpon system was to be capable of a 90
percent first round hit probability at 500 yd.
In June 1958, the Super-PAT program was
terminated before completion of the develop-
ment program as the major emphasis was
shifted to the T219 PAT program.

14.5 DEVELOPMENT OF REPEATING
RIFLES 105 mm, T189 AND T237

Beginning with German efforts during
World War II, there was a recurrent interest in
recoilless weapons capable of automatic or
semiautomatic fire, For combat vehicles (air,
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ground, or water), the advantages of increased
rate of fire and in crew protection are quite
obvious. Some of the technicai problems, too,
are quite obvious, including space limitation
at breech location, generally heavier ammuni-
tion with a longer envelope, and the greater
penalty of mechanism weight in 3 weapon
system whose great attraction is light weight.

US efforts in repeating recoilless rifle
design were aimed principally toward applica-
tions for land combat vehicles. Design of a
repeating 105 mm recoilless rifle began at the
United Shoe Machinery Corporation in 1953,
Designated as the T189 and shown in Fig. 1-7,
this repeating 105 mm recoilless rifle was
designed in both electrically and gas-operated
versions. As shown in Fig. 1-7, the electrically
operated T189 Rifle uses small electric gear
motors to rotate a five-round reel between the
barrel and breechblock. At each position of
the reel assembly, the barrel and breechblock
are coupled with a chamber containing one
round. The electrical drive system extends or
retracts and rotates the breechblock to open
or close and lock the round in place.

One of the designs for the gas-operated
T189 Rifle is shown schematically in Fig, [-8
and operated in the following manner as
described in Ref. 13:

1. Energy obtained by bleeding propellant
gas from the barrel during the blow-down
period (i.e., the pericd after projectile exit
durinig which the internal pressure decays 3o
atmospheric) is used to compress a pair of
nested driving springs whichk then provide the
energy necessary to dsive the indexing
mechanism through one cycle.

2. Gas is bled from a barrel port (shown in
Fig. 1-8) close to the muzzle, which does not
become operative until the projectile has
passed. Upon projectile exit, the gas turning
into the port expands and is conveyed to the
cylinder through a telescoping length of
tubing. The gas flow into the cylinder lasts for
about 0.012 sec of the biow-down period. At
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Figure 1-6. Sketch of T189 Rifie Modified for Gas Operation
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the end of this time, the blow-down pressure
and the pressure in the cylinder will reach
equilibrium. The quick acting check vaive
then closes and retains the cylinder charge.

3. During the cylinder charging stroke, the
drive springs are compressed. The gear
segment, connected to the piston by means of
an operating link, i3 rotated and, in tum,
causes rotation of a pinion gzar. The
movement of the gear segment is enough to
rotate the pinion gear backward just one turn.
The gun indexing cycle occurs on the return
stroke of the piston. The gas charge then is
ailowed to escape through an exhaust valve
that is separate from the gas feed duct. When
the back pressure (acting on the piston) falls
below the driving spring pressure, the return
stroke begins. On the return stroke, the
pinion gear, now engaged to the gun camshaft
by the pawl, is rotated one turn forward,
indexing the gun through its cycle.

During efforts to simplify the operation
and design of the T189 Rifle, an eatirely new
design was accomplished. It was decided that
the new design should replace the T189
design and was given the T237 designation.

The repeating T237 Rifle design incor-
porated several design features. As shown in
Fig. 1-9, a drive motor was geared down to a
“lead screw” type drive shaft. Partial rotation
of this screw unlocked both the breechblock
and the barrel, and proceeded to translate the
breechblock axially a predetermined distance.
During breechblock travel, the reel containing
the five chambers also was moved rearward at
a slower rate so as to clear the end of the
barrel. A drum then revolves the reel into the
next position. When the electric motor is
reversed, the breechblock and reel aic
returned to the closed position and rotational-
ly locked. The T237 repeating recoilless rifle
program proceeded through the manufacture
of one test rifle. However, the program
terminated in mid-1956 by the Office, Chief
of Ordnance before any extensive testing of
the system was performed.
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14.6 DEVELOPMENT OF 105 mm RIFLE,
T136

The 105 mm Recoilless Rifle, T136 was
one of the three original weapon concepts
selected for development and evaluation
under Ordnance Pioject TS44024. Fig. 1-10
shows this weapon with T149 Mount and
with the cal .50 Rifle, T43 installed. In
October 1951, changes were incorporated
altering the configuration to the T136El. In
November 1951, the design again was changed
where provision was included for the
expected 21 percent degradation in yield
strength of the gun steel when heated to
600°F. T136E2 was the designation assigned
to this temperature compensated recoilless
rifle,

Portions of this T13€ system ultimately
were incorporated in the standardized BAT
Weapon, M40. The chamber design of the
T136 was united with the barrel of the M27
to form the TI170 configuration, which
ultimatety became the standardized M40.

1-4.7 DEVELOPMENT OF WEAPCN SYS-
TEM T165 AND 7168, SELF-PRO-
PELLED (ONTOQS) USING 106 mm,
T170 RECOILLESS RIFLE

The initial long range military characteris-
tics of the BAT weapon system called for a
fully man-portable weapon weighing in the
neighborhood of 200 Ib. The weapon that was
¢ventually standardized for the BAT program
was the Rifle, 106 mm, T170 (M40).
Weighing a total of 485 b, the weapon could
be moved into position by a crew of two men
cr could be broken down for hand carry by a
Iarger group. This was still a long way from
meeting the fully man-portable requirements.

As the best interim carrier, the Jeep
Carrier, M38A provided:

1. A low silhouette

2. Good road and cross speed
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Figure 1-10. 105 mm Rifle, T136; 105 mm Mount, T149, Cal .80 Rifle,
T43 and the interim Sight

3. Ruggedness and reliabiiity

4, Standardized simple operation and
maintenance

5. Good cruising ranges

6. Relatively low cost and ease of produc-
tion.

However, it lacked:
1. Armor protection
2. Adequate load capacity

3. Cross-country mobility of a tracked
vehicle.

As a result, studies and searches were made
into the development of a lightweight
fully-tracked system that would be sufficient-
ly durable and easily maintained for use in the
infantry regiment. Two systems were devel-
oped around the (ONTOS) vehicle. A six-rifle,
ONTOS vehicle designated as the T166 shown
in Fig. 1-11 and a one-rifle ONTOS vehicle
designated as the T165 were developed using
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Rifles, 106 mm, TI170 similar to the
standardized M40 Rifle. This T165 system
was designed to go into combat with the six
BAT systems loaded and operable by the crew
within the protected compartment. It could
be fired in salvo, ripple, or single shot. After
firing, the breeches could be opened mechan-
ically from within the vehicle, but subsequent
rounds were chambered by the crew reaching
out through the open doors. Two of the six
tifles were designed to be dismounted quickly
from the vehicle and operated from a
compact folding ground tripod when the
tactical situation required it. In service tests
of these weapon systems in late 1952, the
vehicles were found to be unsuitable for use
as BAT weapons carriers within an infantry
battalion. While the ONTOS vehicle provided
the necessary armor protection and fully-
tracked cross-country mobility, it had the
disadvantages of mechanical unreliability,
reduced accuracy, increased weight, inade-
quate space for crew and ammunition, and
limited protection afforded by armor when
recoilless rifles were reloaded from outside
the vehicle (Ref. 4). As such, the M38A1 Jeep
Carrier was maintained as the interim carrier
for the Rifle, 106 mm, M40,
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156 OTHER LARGE CALIBER WEAPONS
(LARGER THAN 105 mm)

1-6.1 DEVELOPMENT OF 120 mm HAW

Standardization of the 106 mm, M40 BAT
System in 1954, satisfied the “interim”
requirements for an infantry heavy antitank
weapon (HAW) system. At this time,
Frankford Arsenal was authorized to initiate
R&D studies leading to the development of a
system to satisfy the following principal
“ultimate” military characteristics:

1. Destructive Capacity. Defeat 6 in. of
heavy armor at 64-deg obliquity, 90 percent
of the time.

2. Range and Accuracy. First round hit
probability of 0.75 at 2000 yd and 0.90 at
1000 yd.

3. System Weight. 200 Ib desired.

4, Rate of Fire. 10 aimed rounds per
minute (not sustained). Go into action in 30
sec.

The fivst work specific to the ultimate
battalion antitank (U-BAT) requirements was
initiated in 1955 with caliber and lethability
studies. These activities were the basis for the
selection of a 120 mm caliber rifle for the
U-BAT weapon. The resulting design for the
120 mm rifle was patterned after the design
of the Rifle, 90 mm, T234 which was, in its
original conception, a design study for the
U-BAT application. Designated as the T246,
the 120 mm Rifle incorporated the segmented
nozzle and central orifice type breech design
used in the T234 Rifle. Development of the
T246 Rifle was suspended in December 1957,

In early 1959, the work begun under the
U-BAT program was reactivated under the
heavy antitank weapon (HAW) program. The
HAW program, however, was committed to
the development of a 2000-yd system which
would provide greater lethality, improved
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range and accuracy, reduced system weight,
and improved simplicity and accuracy. The
first HAW design was designated as the XM89
and incorporated several features in its decign.
The barrel of the XM89 Rifle incorporated
the strain compensation principle using steel
with a 160,000-psi yield strength. It was
expected that the entire HAW weapon would

- use steel with a 200,000 psi yield strength,
but because of its limited availability at the

time, high cost and limited machinability, no
complete HAW rifle ever was made with this
material.

A second feature of the XM89 was the
incorporation of a variable control mount. By
use of a down range pointing joystick control,
the rifle could be moved in free traverse and
elevation for use against close and moving
target with a direct control ratio of 1:1. The
joystick control also provided variable control
ranging between a ratio of 9:1 and 36:1 for
laying the rifle on distant fixed targets. Other
unique features of the 120 mm, XM89 were
the use of a 15 mm spotting rifle and a trigger
firing mechanism from which both major and
spotting rifles could be fired with the same
trigger (Ref. 14).

During the second quarter of calendar year
1961, the development of the XM89 system
was divided into two directions. The first
direction being development with a frangible
cartridge case and the second, development
with a steel cartridge case. Development of
the frangible cartridge case system, designated
as the XM89EI, proceeded through initial
firing tests in a satisfactory manner. At that
point, the XM89EI system was removed from
the development program. Development of
the perforated steel cartridge case system,
designated as the XM89E2 and later to be
known as the XM105 (shown in Fig. 1-12),
was slowed by minor strength problems and
mechanical difficuities, but finished with an
accelerated testing program in mid-1972.
While it was felt that, with small improve-
ments, the XM10S5 system could be standard-
ized, its excessive system weight (398 Ib
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instead of the desired 200 1b) and the
selection of the TOW missile to satisfy the
HAW requirements resulted in the termina-
tion of the 120 mm HAW, XM105 program.

1-62 DAVY CROCKETT 120 mm, XMé3
(XM28) AND 156 mm, XM64 (XM29)

An impending break-through in the design
of nuclear devices in the mid-1950's led to the
idea of a tactical nuclear weapon sy stem—per-
haps capable of man-portability over limited
distances in difficult terrain. There was
growing confidence in the feasibility of
developing subkiloton devices lighter in
weight, structurally more resistant to accelera-
tion stresses, and more efficient in the use of
critical nuclear materials than had been
available previously. Based on the estimates
available, a lightweight recoilless weapon
system concept was synthesized. It was
envisioned that such a system capability could
have important effects on the structure and
deployment of ground forces. The availability
of such huge elements of firepower in the
hands of foot troops capable of immediate
reaction to rich targets of opportunity could
provide an advantage of significant propor-
tions.

The principal problems facing the designer
were as follows:

1. Design a breakdown system in which
each module can be carried over limited
distances by an individual soldier.

2. Accommodate the roughly 12-in. diam-
eter warhead.

3. Limit maximum acceleration.

4. Insure high reliability and precision of
delivery. The problems that were encountered
resulted from the long range (4000 m for the
XM29 system) over which the spotting system
was to match the major caliber system.

5. Minimize system action time (i.e., the
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time required to set up the weapon and
mount, insert the cartridge and projectile).

To meet the system module weight
limitation, high-strength structural materials
such as titanium alloys, glass fiber reinforced
plastic, and ultra-high strength steel were
considered despite their high costs. The
warhead size and acceleration problems were
accommodated by adopting the so-called
“spigot” configuration (Fig. 1-13). In this
scheme, the propuision gases act upon a
“pusher” tube (spigot) throughout the ballis-
tic stroke and the oversize warhead is
accelerated via this tube from a starting
position in front of the gun muzzle. This
avoids the siructural problems of a large iow
pressure gun tube and the interior ballistic
reproducibility problems associated with very
low operating pressures. High precision of
delivery was demanded by the need to insure
against injury to friendly troops as well as the
requirement to employ the extremely high
cost warhead effectively.

The projectile weight, size, velocity, and
acceleration limits along with the use of the
spigot configuration, allow the use of a
smooth bore barrel. Also, since the DAVY
CROCKETT systems are very low rate of fire
weapons, there is no need for any type of
breech mechanism. This leads to the muzzle
loading and simple nozzle end configurations
of the DAVY CROCKETT weapons. Another
unique feature of the DAVY CROCKETT
were the lightweight mounts. Weighing less
than 20 ib, the mounts had adjustable rear
lugs, fine and coarse elevation, and quick
collapse for stowage.

The operational requirements for a man-
portable system were met with two weapon
systems. The 120 mm, XM28 System as
shown in Fig. 1-14, was designed for a
maximum range of 2000 m. A second system,
155 mm, XM29, as shown in Fig. 1-15, was
developed concurrently to provide a 4000-m
system capable of field maneuver on a jeep or
other light vehicle. The XM?29 System is
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Figure 1-13. Rscoilless Weapons—Conventional and Spigot Type

capable of firing from a jeep carrier or it can
be displaced by troops and fired from a
ground nount.

In the official press release of the DAVY
CROCKETT systems by the Army on 4 May
1960, the Secretarv of the Army described
these systems as a development which
“,..dwarfs in firepower anything we have
ever kinown in the immediate arca of the
battle line”. He stated that “DAVY CROC-
KETT will significantly enhance the military
posture of the U.S. ground forces. With this

weapon, small combat units will have organic
atomic power that they will be akle to take
with them to any trouble spot in the world in
a matter of hours. On the battlefield, the
small unit will have within its own ranks,
firepower that formerly could be obtained
only from heavy artillery”. Among the
engineering advances achieved were:

1. First titanium gun in US Army
2. Hi-Low  spotter cartridge—unprece-

dented velocity uniformity
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Figure 1-14. DAVY CROCKETT System, XM28, Man-portable, 2000-m Infantry :
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Figure 1-15. DAVY CROCKET XM29 Weapon System, 4000-m Range

3. PYROCORE primer—improved velocity
uniformity

4. Unique spigot delivery—minimum sys-
tem weight and size

5. First use of D38 (reactor byproduct) in
spotter projectile

6. First multizone recoilless system.

The reason which made many of these
advances possible was that cost was not as
critical a factor, comparatively speaking, as it
was in most other recoilless rifle programs.
This was true because of the need for the
accurate delivery of the rather expensive
warhead. As such, the use of high cost
materials such as titanium was warranted in
the DAVY CROCKETT system and not in
others, even though experimental work on
titanium, Fiberglas, Fiberglas wound, and
glass-metal stiuctures had given good results
in PAT, Super-PAT, and other recoilless
programs.,

15.3 DEVELOPMENT OF 8-in. CANNON
(EIK)

In 1954-55, the Office, Chief of Ordnance
directed Frankford Arsenal to study the
feasibility of producing an 8-in. recoilless
cannon (EIK) to replace the medium (8-in.)
howitzer as the general support in division
artillery and as the reinforcing weapon in
Corps artillery. Analyses and experimental
test firings with a scale model weapon, as
reported in Refs. 15 and 16, showed that it
was technically feasible to obtain a weapon
system capable of air delivery for direct
support of infantry, which meets the follow-
ing requirements:

1. Maximum Range: 30,000 yd desired

20,000 yd acceptable
2. Minimum Range: 3,000 yd desired

10,000 yd acceptable
3. Traverse: 360 deg desired

120 deg acceptable
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4. )ﬁlevation: 0 to plus 65 deg
5. Carriage: Unarmored and seif-
i propelled
6. Ammunition:’ HE, chemical, opti-
mum fragmentation
(240C-1b projectile)

Based on these findings, Frankford Arsenal
was directed to continue analytical studies

and proceed with experimental investigations.

Firings were to be performed in both reduced
and full scale test guns to verify the interior
ballistic predictions, to evaluate experimental-
ly the effects of blast, and to investigate
methods of zoning. These tasks were to be
done for range requirements of 10,000 and
20,000 yd.

In addition, for the 20,000-yd range
weapon, studies were to be made of the
mechanical design of the cannon and design
concepts prepared illustrating methods of
incorporating the cannon into lightweight
towed and self-propelled weapon sysiems. A
designation of Cannon, 8-in. Howitzer, Re-
coilless, T230El was assigned to the
10,000-yd weapon and Cannon, 8-in. Howit-
zer, Recoilless, T230E2 assigned to the
20,000-yd weapon.

Experimental interior ballistic studies were
begun with a 75 mm scale model of the 8-in.
weapon, since previous studies had shown
that a small caliber test weapon could be
designed to have ballistic characteristics
similar to a large caliber prototype weapon.
The technique of *“scale model” studies
resulted in considerabie savings of both time
and money, since less effort was expended on
the experimental work performed. Empirical
data obtained during the scale model studies
were used in the design and construction of
the full scale, 8-in., 10,000-yd test Cannon,
T230E1.

A total of 25 rounds were fired in the 8-in.
T230E]1 test weapon for charge establish-
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ment, intericr ballistic design, and general
performance. Based on performance results
from the scale model and full size test
weapons, the 8-in., 20,000-yd test cannon,
ignition studies, ballistic assessment, and long
range accuracy firings were performed. These
studies indicated that the 8-in. recoilless
cannon is lighter than conventional closed
breech weapons of equivalent range and fire
power, and is more accurate than rockets of
the same capability. Its corrected round-to-
round range dispersion was abcut 0.3 percent
of range. While it was found that the
problems associated with blast were nc more
serious in the EIK than in comparable
rockets, it still was felt that the blast of an
EIK would have to be reduced.

While firings were being performed with
the EIK test cannons, preliminary weapon
system concepts were investigated by the
Pitman-Dunn Laboratories Group of Frank-
ford Arsenal. These investigations included
breech design and concepts of vehicular
components and related ground handling
equipment for the EIK weapon system. Ref.
24 describes in detail the following weapon
concepts: swing breech, jackknife breech,
reciprocating-pivoting breech, and spherical
chamber weapon. These weapon designs then
were studied for their adaptability to several
configurations of mounts and vehicle trans-
ports. These studies indicated the following
weights for the indicated weapon systems
(Ref. 24):

Total System Weight, ton

8-in. Recoilless

Weapon with 10,000-yd 20,000-yd
Towed mount 2 3
Austere self-pro-

pelied carriage 45 6.5
Armored self-pro-

pelled carriage 8 12




These weight figures along with accuracy and
fire power data indicated that in the
mid-1950’s, the 8-in. recoilless cannon repre-
sented a reascnable replacement for existing
conventional artillery and rockets.

1-5.4 DEVELOPMENT OF SELF-EJECTING
BREECH

In June 1952, the Universal Winding
Company began work on the design, develop-
ment, and fabrication of a scale model 105
mm recoilless rifle with a self-ejecting breech
mechanism. Following preliminary studies,
development proceeded along two separate
paths. The first path followed was the
continued development of Frankford Ar-
senal’s “blowback” principle breech design.
This design used escaping propellant gases to
accomplish automatic cocking of the weapon
and ejection of the spent cartridge. The
blowback breech weapon as designed by
Universal Winding used a round with a
combustible case and a shouldered steel base.
In the base were a series of blowback orifices
(vent holes) through which the propeliant
gases of the fired round were allowed to
escape. As the propeilant gases escaped
through these orifices, they impinged on the
firing mechanism hammer, forcing it back to
its cocked position so that it is ready for the
next firing. The breech of the rifle is fitted
with a split ring that springs open to permit
chambering of the round. As the firing
mechanism is cocked by the escaping
propellant gases, a cam on the hammer
engages this split ring, forcing it open. The
timing of the hammer is such that when the
split ring is opened, the pressure in the
chamber has dropped to a level where it safely
blows out the case base to the rear (Ref. 19).

The second development path investigated
the designs of both electrically and mechan-
ically fired drop-out breech designs. In the
drop-out breech, a set of latches or a breech
bar acts as a retainer for the cartridge base of
a combustible round. During the firing, the
chamber pressure forces the cartridge base
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against the breech bar or iatch detents which
held the base in place. When the chamber
pressure drops, the cartridge base drops
harmlessly through an opening in the breech
mechanism. At Universal Winding (Ref. 19), it
was felt that the blowback breech system
appeared to have more promise in recoilless
rifles of larger caliber where it would have a
weight and compactness advantage over
conventional or drop-out type breeches. In
lower caliber weapons, the blowback breech
would compare well with other breech types
in both weight and functioning, but would be
somewhat more complex in breech and firing
mechanism design.

16 RESEARCH PROGRAMS

1-6.1 INTRODUCTION

Except for a short period of time after
World War II, Frankford Arsenal was assigned
the responsibility for research and develop-
ment of recoilless rifles. As a part of its effort
to broaden the industrial and engineering base
during recoilless rifle development, Frankford
Arsenal contracted several facilities to per-
form research work in the refinement of
theoretical design concepts and the general
improvement of recoilless rifle technologies.
Notable among these facilities were A. D.
Little, Inc., Armour Research Foundation,
Firestone Tire and Rubber Company, Harvey
Aluminum, Midwest Research Institute,
United Shoe Machinery Corp., and Universal
Winding Company.

A description of all the recoilless rifle
research is beyond the scope of this
handbook, but the major research activities
performed by the previously mentioned
organizations are presented in the paragraphs
that follow. In these programs, direction and
technical specifications were given to the
contracted organization by Frankford Ar-
senal, which then assumed a supervisory role
throughout the program.
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182 MIDWEST RESEARCH INSTITUTE
1-6.2.1 Gun Temperiture

Among the activities performed at Midwest
Research Institute (MRI) were various heat
transfer studies for several recoilless rifle
programs. In connection with these studies,
MRI developed a special surface thermo-
couple capable of measuring the temperature-
time variations at the internal surfaces of a
recoilless rifle during firing. First used in
1952, to measure the internal surface
temperatures of a 57 mm, T15E13 Recoilless
Rifte, the thermocouple was improved by the
development and incorporation of special
high tempemsture insulation for the probe
assembly. With these improvements, the
thermocouple was capable of use in applica-
tions involving surface temperatures up to
2000°F and was used extensively in tempera-
ture-time studies of the internal surfaces of
the Rifle, 106 mm, M40 during the baliistic
cycle (Ref. 17).

One of the more extensive studies per-
formed at MRI was conducted to determine
the permissible firing procedures for the Rifle,
10§ mm, TI70 (106 mm, M40). The
eéxperimental prograra consisted of heating
the Ti70 Rifle under various firing conditions
in order to define the limitations that should
be imposed on the T170 Rifle. In all highly
stressed weapons, these limitations arise
because the gun steel strength decreases with
incressing temperature. When fired under
adverse conditions, the rifle temperatures
approach the level at which the yield strength
decreases very rapidly and it is hazardous to
fire the weapon (Ref. 1).

Observed internal gas pressure data were
used in conjunction with the rif'. stress
analysis and tensile properties of the weapon
material, tc determine the maximum possible
rifle temperature. A thermodynamic analysis
then was made at selected points of the T170
Rifle to predict the rifle temperatures that
would result from certain rates of fire at
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chosen ambient conditions. Heat transfer to
the rifle wail from the propellant gas was
determined e¢xperimentally by monitoring
twelve thermocouples attached to the rifle.
The experimental and theoreticali works then
were compared to establish that the T170
Rifle was safe to firc at an initial burst of
twenty-one rounds at an ambient condition of
125°F without regard to rate. It also was
shown that the maximum safe rate of repeat
firing was 0.73 round per minute at the same
ambient condition. These firing procedures
were based upon a limiting rifle temperature
of 800°F.

1-8.2.2 Shest Propeilant Studies

During the development of the Frankford
Arsenal U-BAT Recoiliess Rifle, MR! was
contracted to evzluate the feasibility of
caseless rounds for the U-BAT weapon.
Previousi, considerable work had been
performed at MRI with the use of sheet
propellant charges in both fin- and spin-
stabilized projectiles. These studies had
indicated the feasibility of wusing sheet
propellants as a means of eliminating the
cartridge case. In order that no worthwhile
technique to eliminate the cartridge case
would be overiooked, sheet, granular, stick,
and slotted tubular propellants in various
combinations were tested in order to find a
satisfactory caseless round.

Since the U-BAT rifle and ammunition
designs were still in their formative stages
during the MRI investigations, it was decided
to perform the tests with a modified 105 mm,
M27 Rifle using fin-stabilized test slugs.
Embossed sheet propellant was used in disk
and scroll forms with different combinations
of each placed at various pasitions along the
projectile boom. Experimental firings indi-
cated that a ballistic efficiency of 6.54 was
attained with the sheet oropellant as com-
pared to 6.26 for a granular propellant. Even
though the sheet propellant gave a higher
ballistic efficiency, it is not possible to say
that the sheet propellant web is the most
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efficient. It also was found that the sheet
propellant rounds indicated no perceptible
unburned propellant ejection from the rifle,
whereas, in the granular propellant rounds,
approximately 15 percent of the propellant
charge was ejected unbumed. The various
piojectile designs and the marner in which
the propeliant was positioned around the
projectile in order to form the caseless round
are described fully in Ref. 18.

16.2.3 Gun Dynamics

Successive recoilless rifle and mount
designs were built to higher performance
standards, while at the same time, their
weight was undergoing considerable reduc-
tion. In order to ensure that the mount
strength and weapon accuracy are unaffected
by the vibrations caused by the recoil forces,
it is necessary to determine the magnitude of
these forces. As part of its studies on the
Rifle, 105 mm, T170 (M40), MRI conducted
pendulum-supported firings to determine the
weapon recoil force history.

Recoil forces were obtained from accelera-
tion histories of the pendulum supported
weapon as MRI had done previously for the
37, 57, and 75 mm rifles. The acceleration
histories are determined by means of an
accelerometer that has its output tiltered to
determine the various modes ot vibration. As
described in more detail in Ref. 18, the T170
Rifle gave satisfactory recoil force histories.

1-6.2.4 Ignition Studies

As ballistic requirements became more
rigoious for the more sophisticated recoilless
rifles, it was apparent that ignition system
performance was a vital factor in the ballistic
cycle. As part of its BAT activities, MRI was
authorized to study the ignition process and
establish suitable criteria for evaluating
recoilless rifle ignition systems. As concluded
in Ref. 18, a good ignition sys .r: is one
which:

1. Ignites the propellant in any air temper-
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ature from - 65° to + 125°F without hang-
fires or misfires.

2. Ignites the propellant in such a manner
that the burning propeilant meets all interior
ballistic requirements such as:

a. Consistent projectile muzzle velocities
b. Smoothness of pressure-time curves
¢. Uniformity of peak pressures

d. Acceptable rates of initial pressure rise
in all parts of the chamber

¢. Consistent projectile ejection time

f. Minimum breech and mazzle flash and
smoke.

3. Meets the general requirements of:
a. Minimum costs of ammunition

b. Suitability to mass production without
undue safety hazard

¢. Stability in storage over long periods of
time under the conditions as nrescribed for
the propellant

d. A minimum of cormrosive and toxic
combustion products.

1-6.2.5 Flash Characteristics

Midwest Rescarch Institute also investigat-
ed the breech flash of recoilless rifles with
the goal of accomplishing mechanical flash
suppression for the 105 mum recoilless rifle. As
described in detail in Ref. 20, the research
program consisted of firing tests in both
vented chambers and a prototype weapon:
acrodynamic tests conducted in 4 gas
dynamics facility: and a theoretical investiga-
tion of the flash mechanism. As far as the
main question of this program, it was found
that a mechanical suppressor with reasonable
dimensions could not be designed for the 105
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mm rifle. However, during the course of the
research, the following conclusions were made
about the nature of nozzle flash and nozzle
flow (Ref. 20):

1. There are several mechanisms by which
a secondary flash may be triggered. Shock
ignition may occur, or there may be a
continuous reaction from the nozzle exits. A
further possibility is that ignition may be
caused by energy transfers in the boundary
layer. Depending on conditions, some or ali of
these may be active.

2. The peak pressure in the breech is
associated with the triggering mechanism. In
general, shock ignition will occur for a lower
peak pressure, and a continuous reaction from
the nozzle exits will occur at a higher peak
pressure.

3. The flash mechanism is more complex
and more difficult to suppress for a large
nozzle (as in the 105 mm rifle) than for a
smaller one.

4. In multiple nozzle systems, there may
be a strong interaction of individaal jets
which may trigger the flash.

5. For the smaller nozzles those suppressor
configurations that most effectively destroyed
the shock structure of the tlow did produce
the most effective tlash suppression.

6. For conical nozzles, the presence of
normal shocks depends mainly on  the
divergence angle. Larger divergence angle
increases the possibility of a normal shock.

7. For the unsteady flow, divergence
angles of close to 35 deg can be used without
flow separation for expansion ratios of up to
about 77:1.
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1-8.3 ARMOUR RESEARCH FOUNDA-
TION

1-6.3.1 Interior Bailistic Theory

As part of the development of the
Battalion Antitank Weapon, Armour Research
Foundation was assigned the task to develop,
in cooperation with the Frigidaire Division of
the General Motors Corporation, a 105 mm
front orifice recoilless rifle. In connection
with this task, Armour Research Foundation
developed the interior ballistic theory for the
rifle.

The ballistic cycle of a front orifice is
composed of three stages:

1. A conventional closed breech phase
during which the projectile initially seals the
nozzle entrance ports

2. A transition stage from closed breech to
recoilless phase (partial recoil compensation)

3. A recoilless phase in v .ich the nozzle
entrance ports are uncovered completely.

As shown in Ref. 28, accurate solution of
the three-stage ballistic system would require
the application of numerical methods of
calculation. For ease of computation and
analysis. personnel at Armour Research
Foundation devised a method of putting the
ballistic equations in closed form. This was
accomplished by reducing the 3-stage system
to a 2stage system consisting of (1) a closed
breech phase lasting until the projectile
uncovers a portion of the total port area equal
to one-half the throat area, and then (2) a
recoilless phase thereafter with the discharge
of propellant gases controlled by the nozzle
throat (equivalent to assuming an instanta-
neous transition from closed breech to
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recoilless operation). The interior ballistic
equations developed for a 2-stage system also
have application to a recoilless rifle with a
nozzle start device, such as a blow-out disk
(Ref. 4).

During the analysis of the 2-stage system of
interior ballistic equations and their applica-
tion to the 105 mm TI135 Rifle, several
observations and discoveries were made (Ref.
43

1. Since the propellant gases initially are
confined in the chamber until the nozzle
ports are uncovered, the chamber temperature
at the beginning of the second stage is
appro...mately equal to the isochoric flame
temperature of the propellant.

2. The gas temperature then decreases to
0.60.7 of the isochoric flame temperature at
“all burnt™ depending upon “all burat”
velocity.

3. Through numerical integration of the
energy balance and mass balance equations, it
was found that the propellant gas temperature
may be represented fairly accurately by
assuming the average of the square root of the
temperature to be linear with projectile
velocity.

By use of these findings to simplity the
interior ballistic equations and then compar-
ing the solutions to the solutions obtained by
assu. ing a constant value of propellant gas
temerature, it was found both calculations
were in good agreement with the solutions
obtained from numerical methods. On the
bas:s of these results, the simpler form of the
interior ballistic equations. based on constant
gas temperature, was used to predict, quite
accurately, the performance of front orifice
recoilless rifles.

1-6.3.2 Propellants

In connection with the development of the
interior ballistic equations for recoilless rifles,
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Armour Research Foundation examined the
application of the interior ballistic theory to
recoilless rifles firing inhibited propellants,
composite charges, and liquid propellants. In
order to indicate the feasibility of inhibiting
propellant grains to provide a progressive type
of burning, a series of firing and closed bomb
tests were performed with M10 and Ml
Propellants. These studies (Ref. 25) showed
the effects on burning characteristics caused
by different conditions of inhibiting and the
use of different types of solvents used to
carry the inhibitor into the grain.

Interior ballistic equations were developed
for recoilless rifles firing a composite charge;
ie., a charge consisting of a mixture of
propellant grains of the same composition,
but different web sizes and geometric shapes.
The use of an exact form function for the
composite charge complicates the solution of
the interior ballistic equations, and it was
found that in many applications that an
equivalent charge « , a single web size may be
substitute:

Because hydrazine-hydrazine nitrate-water
propellants exhibit a lower flame tempera-
ture, higher impetus, and greater reduction in
flash as compared to solid propellants,
significant attention was focused on the use
of liquid propellants in recoilless rifles. As
part of the nozzle crosion program at Armour
Research Foundation, the experimental deter-
mination of nozzle erosion due to the firing
of hydrazine-type liquid propellants was
undertaken. Investigations included the estab-
lishment of ballistic parameters and the
effects of water and nitrate content on the
liguid propellant burning rate for both
hydrazine and a hydrazine-hydrazine nitrate-
water propellant.

1-6.3.3 Expendable Cartridge Case
As part of the development of the
Battalion Antitank Weapons, Armour Re-

search Foundation continued its study of
combustible cartridge case materials. The
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majority of this investigation centered around
cellulose nitrate plastic combustible rubber,
acrylic plastic, or a paper-base phenolic
material. The conclusion of this investigation
(Ref. 25) was that certain of the expendably
cased rounds showed considerable promise,
particularly those with the cellulose nitrate
and paper-phenolic cases. The hard rubber
and acrylic materials were considered -in-
worthy of further investigations.

It was established fairly well that perforat-
ing the expendable cartridge casc has very
little effect on the fragment size, but
probably has deleterious effects upon the
interior ballistic performance. Scoring, or
other methods of setting up stress concentra-
tions in the outer surface of the case, proved
to be inadequate and of little use. The best
results were achieved with heavier wall,
paper-phenolic, solid frangible cases.

The cellulose aitrate cases under study
were of a convolute structure, formed by
rolling a cellulose nitrate sheet to a case
diameter, with cement between the con-
voluted sheets to hold the roll together. As
such, the variables for an individual case
construction were the sheet thickness and the
amount of area to which cement was applied.
Ballistic test data indicate that higher muzzle
velocities are achieved with cases having a
greater cemented area, due to the strengthen-
ing of the case, and thus, better ignition,
during the initial burning stages. Also, balistic
and piezometric efficiencies were higher when
using a thicker sheet of cellulose nitrate.

1-6.3.4 Nozzle Studies

Armour Research Foundaiion, as part of
the 105 wmm Battalion Antitank Weapon
development, conducted extensive investiga-
tions into nozzle performance and nozzle
erosion. These investigations included both
analytical studies and experimental observa-
tions of the phenomena associated with
propellant gas flow through a recoilless rifle
nozzle and are described fully in Ref. 29.
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One of the experimental nozzle studies was
the qualitative verification of the nozzle flash
theory of re-ignition. This theory supposes
that the gases at the nozzle exit are cooled by
rapid expansion, thus halting radiation. A
subsequent recompression, resulting from
oblique interrupting shocks and Mach rein-
forcement, then reheats the gases and causes
further radiation. By high-speed motion
pictures of the nozzle flash from 105 mm and
2.75-in. recoilless rifles, it was shown that
nozzle flash phenomena do perform according
to the re-ignition theory.

Since the nozzle characteristics are an
important consideration in the design of a
recoilless rifle, the variation of nozzle thrust
with the nozzle characteristics was studied in
depth by the Armour Research Foundation.
The nozzie characteristics examined were
expansion angle, expansion ratio, throat area,
and approach area. The significant results
from these experimental studies (Ref. 25) are:

1. Expaunsion angles less than 45 deg give
essentially the same thrust, while with angles
greater than 45 deg, there is a significant
decrease in thrust.

2. Thrust wunbalance calculated from
steady-state isentropic flow theory is in good
agreement with experimental thrust data.

3. The percentage change in thrust unbal-
ance is approximately 0.8 of the percentage
change in throat area.

4. The 57 mm Rifle, M18 was fired with
various internal chamber configurations and
nozzle approach areas to study their effect on
recoilless rifle operation. It was found that, in
general, as the rearward taper of the chamber
contours is changed from positive to negative
(positive taper indicating a larger diameter at
the rear of the chamber), the rifle becomes
unbalanced increasingly rearward if the

chamter volume and nozzle configurations
are kept constant,
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Because a bore-size straight-pipe nozzle has
the advantage of simplicity and ease of
fabrication over a conventional converging-
diverging type of nozzle, both the interior-
and exterior-mounted straight pipe nozzles
were investigated by Armour Research
Foundation for possible use in recoilless rifles.
On the basis of the experimental data, a
bore=size perforated-pipe would give negligible
unbalance while exhibiting reasonable ballistic
performance. However, the use of a bore=size
perforated-pipe nozzle has certain draw backs.
As the result of higher solid propellant loss
through the nozzle, the ballistic efficiency of
a recoilless rifle is lowered by the use of a
bore-size nozzle, In addition, the lateral gas
spray through the perforations in the pipe
causes a hazard to personnel in the immediate
region normal to the rifle axis at the breech
end of the weapon.

Other studies conducted .t Armour Re-
search Foundation inciuded nozzle erosion
studies with M10, T18, and T2S5 Propellants
and hydrazine and hydrazine-hydrazine ni-
trate-water liquid propellants. Besides deter-
mining the erosion rates caused by these
propellants at different firing rates, these
nozzle studies included the investigation of
recoil compensating devices for nozzle ero-
sion. Various recoil compensating devices
were tested in 75 mm scale-model and 10€
mm Rifle, T170E1 firings. The results of

these studies are described in detail in Ref.
25.

1-6.3.5 Stress Analysis

Because of the everpresent emphasis on
weight resolution and the incidence of case
rupture and bulging in some recoilless rifles,
Armour Research Foundation, as a part of its
general investigation of cartridge cases,
conducted stress analysis of perforated metal
cases. As a first step of the stress analysis, it
was assumed that a pressure differential exists
between the inside of the cartridge case and
the chamber. Furthermore, at some time
during the firing cycle, the excess internal
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pressure becomes large enough to cause a case
failure. For purposes of the analysis, the
pressure differential was regarded as an
equivalent internal pressure resulting from
propellant burning or the mechanical com-
pression of the propellant grains caused by
bursting of the igniter.

Considering the previous remarks, the
perforated cartridge case design problem
consisted of first analyzing the static problem
of a thin perforated cylindrical shell subjected
to uniform pressure with or without end
constraints, The overall problem was
approached from three directions, namely
(Ref. 4):

1. Yield stress calculations for a perforated
cylindrical shell subjected only to internal
pressure

2. Elastic stress and displacement calcula-
tions for the cylindrical shell subjected only
to internal pressure

3. Bending stress calu Iations for the
perforated cylindrical shell with internal
pressi're and built-in ends.

Tue: yield stress calculations are elementary
and useful as a guide to design limits, but give
no information about the effects of bending.
In analyzing problems (2) and (3), an
approximate method was adopted from which
useful information could be obtained. This
method proceeds along the lines of elemen-
tary strength of materials, replacing the
perforated shell by a nonperforated one
having equivalent eclastic constants that are
different for dilation and bending. This
approximate method is outlined fully in par.
11-17.5. In application to the 57 mm
perforated cartridge case, it was found that
the approximate method gave slightly overde-
signed results, however, it was believed that
the results obtained by this method were still
usctul, especially if properly correlated with
experimental observations (Ref. 4).
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Other stress analysis investigations conduc-
ted by Armour Research Foundation were
experimental and theoretical analyses of the
106 mm Rifle, TI70El and 75 mm Rifle,
M20. Operational stress levels and margins of
safety were determined for these operations
as described in Ref. 25.

1-6.4 FIRESTONE TIRE AND RUBBER
COMPANY

1-6.4.1 Aerodynamics

As part of its projectile development for
the 105 mm BAT weapon system, Firestone
performed aerodynamic studies on the T138
slow-spin Projectile (MOBY DICK) prior to
undergoing any extensive tust firing program
(Ref. 21). Through the use of wind tunnel
tests at Abeideen Proving Ground, Firestone
was able to define varicus weaknesses in the
T138 Projectile design so that the necessary
corrective actions and appropriate types of
test firings could be made. In the develop-
ment of the TI119 Projectile, in-flight
photography and extensive wind tunnel
experiments formed the basis for choosing a
finsweepback angle of 65 deg. Since the
T171 MOBY DICK-type projectile appeared
to be very promising, several aerodynamic
studies of various tail and nose configurations
of the T171 Projectile were performed. These
studies indicated that a 6-finned tail with a
tee nose provided better aerodynamic stabili-
ty than either egg-cup tailed or finned egg-cup
tailed projectiles with smooth noses.

1-6.4.2 Fuze Studies

During initial design studies of the HEAT
round being developed by Firestone for the
BAT weapon system, it was concluded that
the fuzes used in the HEAT rounds for the
Rifle, 105 mm, M27 were not sufficiently
quick-acting. A quick-acting fuze is required
for the HEAT round because of the sensitivity
of shaped charges to standoff. As & result,
Firestone investigated the performance of
various types of fuzes in the HEAT rounds it
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was developing. Among the different types of
fuzes investigated were the magneto fuze
developed by the Stewart Warner Corpora-
tion, the push-button method or electric fuze
developed by the National Bureau of
Standards, the spit-back fuze extensively
studied by the Ballistic Research Laborato-
ries, electronic controlled fuzes, and inertia
fuzes. The fuze eventually decided upon for
the standardized HEAT round for the BAT
weapon system was of the single action.

1-6.5 UNIVERSAL WINDING COMPANY

In June 1952, the Universal Winding
Company of Providence, Rhode Island was
given a contract to design, develop, and
fabricate a scale model of a 105 mm recoilless
rifle with a self-ejecting breech mechanism as
previously described in par. 1-5.4. Carried on
concurrently with this program were a
number of investigations of recoilless weapon
systems that were adaptable or applicabie to
the self-ejecting breech design. As described in
Ref. 19, these investigations included central
nozzle designs of which two systems—the
replacing nozzle system and the gas balanced
system—were thought to be the most
promising. The investigation into the central
nozzle concept led to the study of side-firing
mechanisms. One type of firing mechanism
studied was a circumfereniial primer that
extended around the base of the round.

Under this general program, Universal
Winding also designed and manufactured test
fixtures for lining 57 mm and 105 mm
recoilless rifle cartridge cases. A final task of
the program called for an investigation into
the design of a semiautomatic recoilless rifle.
Development of a side-loading, magazine-fed,
blow-back operated, repeating recoilless rifle
was carried through 50 percent completion of
a test model when work on this particular
weapon was discontinued.

As a part of the development of large
caliber recoilless rifles, Universal Winding
studied the possible alternatives to the
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‘“Yackknife” breech system proposed by
Frankford Arsenal. Based on one of the
suggested breech designs, Universal Winding
prepared and submitted a proposal for a
complete large caliber rifle system. No further
efforts were performed in this area because
work on the large caliber recoilless rifles was
terminated shortly thereafter.

1-8.6 A.D. LITTLE, INC.

Having compiled an extensive bibliography
on recoilless rifle development and shaped
charge ammunition, A. D. Little, Inc. was
used extensively as a resource for historical
and background information as well as in
advisory capacities during many of the
recoilless rifle development programs. While
A. D. Little performed some work in
investigating possible solutions to the BAT
requirements, a great portion of its recoilless
rifle work was performed during its develop-
ment of the lightweight Rifle, 90 mm, T149
for use as a platoon antitank (PAT) weapon.

During the development of the T149 Rifle,
considerable amounts of research were per-
formed in the areas of central nozzle design,
rifle chamber contours, cartridge case and
liner designs, rocket-assisted and supersonic-
launched projectiles, and flash suppression.
Some of the specific outcomes of this work
were the development of a unique cam-ring
breech design, as described in par. 10-22 for
the T149 Rifle; the discovery that central
nozzles with divergence angles in excess of 40
deg could be used with substantial reduction
in nozzle length and consequently, nozzle
weight; and the establishment of the need for
still a better cartridge liner material than
nitrocellulose and polyethylene-coated Kraft
paper that had been two of more widely used
liner materials.

1-6.7 HARVEY ALUMINUM (HARVEY
MACHINE COMPANY)

As early as October 1951, the Harvey
Machine Company was performing compre-

AMCP 708-238

hensive studies on the overall problem of an
automatic recoilless rifle. Initial studies of the
57 mm rifle indicated that the advantages of
semiautomatic operation would be more
apparent in a large caliber weapon. According-
ly, the 105 mm recoilless rifle was selected for
further development by several organizations
in 1952. Ref. 22 serves as an extensive record
of the ordnance experience and information
obtained by Harvey Machine Company in the
development of its own semiautomatic rifie.

Other research performed by the Harvey
Machine Company included the investigation
of lightweight alloys for application to large
caliber recoilless rifles and mounts, and the
development of an inexpensive, single-shot,
throw-away minor caliber spotting device.
Ballistically similar to a cal .50 spotting rifle
and ammunition, this spotting device consis-
ted of an integral barrel and chamber
combinution of very light weight material
with provisions for attachment to the major
caliber rifle by a clip-on device. The principal
achievements made in conjunction with this
task were the perfection of tooling and press
forming techniques for fabricating the barrel,
chamber, and rifling from a single aluminum
alloy bar slug; thus eliminating ali the
customary machining performed on rifled
barrels and cartridge cases. These techniques
for low cost mass production of precision
press-formed riflings in high strength alumi-
num alloys were considered to be applicable
to larger or smaller caliber weapons.

The last majo: work performed by the then
named Harvey Aluminum Company for the
recoilless rifle programs was performed in
1958-1962 in conneciion with the develop-
ment of the DAVY CROCKETT weapon
system. Some of the major achievements
resulting from research activities on this
program (Ref. 23) were the demonstration
that:

1. Titanium was suitable as a recoilless rifle
material.
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2. Available coatings for titanium nozzles
were not satisfactory in erosion resistance.

3. Fiberglas, although a very capable
material, did not offer sufficient promise over
competitive materials to warrant the extensive
development effort that would have been
required to prove its suitability in the DAVY
CROCKETT application.

18.8 CARDE

The Canadian Armament Research and
Development Establishment (CARDE) was
responsible for severai significant contribu-
tions to recoilless rifle program. During the
BAT program, CARDE was responsible for
developing the process for embossing sheet
propellant. Sheet propellant is embossed to
provide the nccessary space for gas flow
between adjacent layers of the sheet propel-
lant. Along with its work in the area of sheet
propellants, CARDE developed a new type of
primer. The CARDE type, high pressure,
controlied-venting, hot gas primer employing
sheet propellant showed much promise. As a
result, similar CARDE type primers were
developed by other organizations for use in
the BAT weapon system. Other CARDE
aclivities centered around various analyses of
existing recoilless weapons and feasibility
studies of a medium antitank recoilless rifle.

1-6.9 FRANKLIN INSTITUTE

The Franklin [nstitute Laboratories for
Research and Development made two major
contributions to the recoilless weapon pro-
gram. The first contribution was made in

1-46

194849 and consisted essentially of collect-
ing all available literature associated with
recoilless weapons, reviewing the literature,
and compiling selected material in several
volumes of which Refs. 1 and 3 are a part.
The material was compiled into six volumes.
Volumes I, II, and HI provide a history of
development and the basic principles of
recoilless weapons. Volumes IV, V, and VI of
the series on recoilless weapons contain
descriptive material on recoilless weapons that
were developed or were under development at
the time of writing in the United States and
abroad. This material was in the form of
reports and data which described recoilless
weapons from a mechanical and a ballistic
standpoint.

The second major contribution by Frankiip
Institute was the preparation of quarterly
progress reports on recoilless rifle systems,
ammunition, and related items that were
being developed at Frankford Arsenal or
under the technical supervision of Frankford

Arsenal. The purposes of these reports were
fourfold:

1. To review local progress and effect
coordination as required

2. To serve as a repository for pertinent
classified data

3. To permit the transmittal of many
classitied items in composite form

4. To maintain a backlog of data on these
projects so that the accumulation of these
progress reports would facilitate the prepara-
tion of the final development reports.
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CHAPTER 2

SYSTEM DESIGK AND INTEGRATION

20 LIST OF SYMBOLS

V)

bore area, in?
nozzle throat area, in?

effective burning rate constant,
in.~(sec-psiy’!

discharge coefficient of nozze,
dimensionless

initial propellant charge, Ib

total weight of unburned propel-
lant ejected, Ib

propellant charge burned in rifle,
C=C -C,lb

specific heat at constant pressure
(ft-1b)(1b-"R)?

specific heat at constant volume,
(ftlb)H1b-°RY?

energy, ft-lb

2.7182818... base of natural
logarithms

propellant impetus, (ft-lb)-1b™!

safety factory, f= g, o, >1,
dimensionless

V. kF/(A/A,) , dimensionless

acceleration due to gravity,
ft-sec?

impulse, Ib-sec

nozzle coefficient, se¢™!
1/2

—

F \y+1

, sec’!

7g(2>':+i

travel of projectile to muzzle, in.

travel of projectile when peak
chamber pressure occurs, in.

weight of projectile, Ib
mass of projectile, slug

effective mass of projectile
1-NC
1.04 [m+ £—2—-‘-‘1 , slug
og J

weight of propellant burnt at
projectile start, b

space mean pressure at time
charge is all-burnt, psi

chamber pressure, psi
exit pressure at nozzle, psi

space mean pressure when pro-
jectile is at muzzle, psi
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, I”. = maximiun pressure, psi o =C,/(pv,), dimensionless w
P‘ = pressure at nozzle throat, psi ¥ = ratioc of specific heats,
N v=c,/c,, dimensionless
9 R, = gun tube radius, in.
0 =
d Ca/eA) 5 = (¢ - a)/(1 — ), dimensionless
- Vs * ;31°?t¥ of projectile at all- A, = initial solid propellant loading
N umt, Ips density, 27.7 C, /v, gcm ™
i Ve = muzzle velocity of projectile, fps ‘ _ Total Gun Volume
o € = expansion ratno,Ch —al ,
= 1’4 =jvelocity of projectile at peak . . i amber Volume
b ’ 'chamber pressure, fps dimenslonicss
v v, = chamber volume of rifle, in? A = kAW, /(C;B), dimensionless
. :
N = s . i3
g W, = density of mietal, lb-fr o density of propellant, 1b-in
R ’ = . o . 2 =3 ,
A = initial web thickness of propel- o density of gun material, 1b-int .
r: lant grains, in. o = aliowable tensile strength of the ;
X : =~ weight of bare rifle, Ib material, psi i
F{:f g = density of steel, ib o, = sptsriess on tifle tube in y-direction, i
4
Wi = wall thickness CO“PSP onding to o = tangential stress on rifle tube, psi ‘
pressure at muzzle, in. ! ,
W, = wall thickness cotresponding to v = value of ' for V=V, , (fps)~!
peak pressure, in. , ,
Y = value of ¥' for ¥ =V,,, (fps)~*
X = effective length of rifle such that , = 'for V=0, (fps)~!
Ax,, is the total volume of rifle, Vo value of ¢ for - (fps)
(.e., Ax, =v, +AL,) ,in. 1 v\?
3 ] = — ' Rat")
. Yo 2V (2 )
! X, = effective length of chamber such
: that Ax, =v_, in. v z ¢
+ [ 2—2 ]|, (fpsy?
x =x +L ,in Vs
v ‘ P o p’ .
. )
“ .
‘i\‘h
[
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SECTION |
INTRODUCTION

2-1 SCOPE

This chapter describes the logic, technique,
and philosophy of integrating a new recoiliess
weapon system—of ‘“‘putting it all together™
so that the end product serves the customer’s
needs and improves the overall defense
posture. It treats, more quantitatively and in
more explicit detail than does Chapter 1, the
definitions of subsystems and components
and the design trade-off cpportunities avail-
able throughout the engineering interval.

Stress is laid on the criticality of the early
trade-off analyses when this is possible. Thz
selections among basic alternatives—such as
warhead type, projectile stabilization mode,
combustible versus frangible versus metal
cariridge case, expanded versus boresize
chamber, spigot versus bore-size projectile and
the like—become more and more irreversible
as the investunents of dollars and time grow.
Escape from these is often costly in both
material terms and professional pain. Some-
times, of course, they are inescapable and
either the project is terminated or the defects
in the end product haunt you. Insofar as they
are instructive, some specific case histories,
failures as well as successes, are outlined.

Emphasis is placed on the advantages of the
integrated system approach. The continuing
tendencies toward specialization in modern
technology can lead to compartmentalization
and tends to yield a cystem with incompatible
interfaces. For example, a seemingly simple
bracket for attaching the telescope sight to
the gun tube will not be compatible with the
gun tube, if the sight bracket designer did not
consider the dynamic elastic behavior of the
tube under ballistic stress. Such pitfails are

illuminated in this chapter and means to avoid
them (that have succeeded in the past) are
described.

2-2 DEFINITION OF TERMS

To define is (by definition) one of the most
arbitrary intellectual activities of man. Never-
theless, the “labels” by which we designate
things and the meanings of these labels are
indispensabie tools for our efficient function-
ing, especially where engineering endeavors
are concerned.

Following is a list of specialized terms used
frequently in recoilless weapon system design.
These definitions are included here since they
are not found in the volume of Ordnance
Technical Terminology (Ref. 1). All the other
terminology not defined herein is fully
described in Ref. 1 and is not repeated in this
handbook. The asterisked (*) definitions
represent an updating of the term as it applies
to recoilless weapons rather than the defini-
tion given in Ref. 1.

1. Blowout (or rupture) disc: Deliberate
obstruction to gas flow {0 nozzle, designed to
be removed by internal pressure of a
predetermined levei

2. Bore area: Cross-sectional area of gun
tube (within lands)

3. Case liner: The membrane covering case
perforations to retain granular propellant and
exclude moisture

4. Chamber volume: Volume available for

propellant gases between projectile in rest
position and plane of nozzle throat
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5. Gun expansion ratio: Ratio of total gun
volume available for propellant gases at
instant of projectile exit to the chamber
volume

6. Loading density®*: Ratio of charge
weight to chamber volume

7. Nozze*: Duct through which a portion
of the propellant gases are directed rearward
to balance the momentum of the forward
moving projectile, thus creating a zero recoil
condition in the weapon

8. Nozzle entrance area: Cross-sectional
area in upstream portion of nozzle where
convergence begins

9. Nozzle erosion: Loss of material from
nozzle interface as a result of being exposed
to exhausting propellant gases

10. Nozzle exit (or mouth) area: Cross-
sectional area at downstrean extremity of
nozzle.

11. Nozzle expansion angle: Included
half-angle of nozzle expansion cone

12. Nozzle expansion ratio: Ratio of exit
to throat areas

13. Nozzle throat area: Smallest cross-
sectional area of nozzle

14. Perforated case: Metal cartridge case
similar in genera! form to conventional cases
but with sidewall multiperforated for propel-
lant gas emission

15. Piezometric efficiency: Ratio of aver-
age to peak pressure (Ref, 2, p. 2-29)

16. Projectile travel: Distance from rear of
obturator (rotating band), when seated in
forcing cone, to end of tube

17. Propellant constants: Chemical com-
position and physical dimensions of solid
granular propellant

24

18. Propellant force or impetus: Thermo-
chemical energy available per unit weight of
propellant

2-3 GENERAL PRINCIPLES OF OPERA-
TION

A recoilless (open-breech) gun, like a
closed-oreech gun, is essentially a single
cylinder heat engine that “loses its piston™
(projectile) with each cycle. However, unlike
the traditional gun—which transmits the recoil
to the earth through a system of slides,
hydraulic-mechanical devices, and supporting
structures—the recoilless gun counterbalances
the recoil force with the thrust of a “rocket
motor”. This “rocket motor” shares the gases
generated in the gun chamber; some of the
gases propel the projectile and some are
discharged through the recoil balancing
nozzle. About 34 times more propellant is
needed in the recoilless system to do this, as
compared to closed bseech guns, Also, the
“rocket motor” shares the gun structure of
the chamber, breech, and nozzle. Schematical-
ly, one can visualize the recoiliess system as
shown in Fig. 2-1.

If this concept as portrayed in Fig. 2-1
were reduced to practice, the following
difficulties and inefficiencies couid be pre-
dicted:

1. Simultaneous ignition of the two
propellant charges would be difficult to
assure, as would precise congruity of the
pressure versus time functions in the two
chambers. Large transient unbalanced axial
forces would resulit.

2. Pressure loads on the “fictious parti-
tion” would be considerable both as a
function of ballistic time and physical
position. This structure and its supporting
chamber wall, consequently, would have to be
designed to withstand the maximum of such
transient loads, adding substantial weight to
the gun.

3. Dual ignition systems, dual propellant
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Rocket
l-a_ Motor

Gun 4-}

- -
Nozzle Tube
Fictitious Gun Propellant
Partition
Projectile
Rocket Propellant Chamber

Figure 2-1. Schematic Functionsl Diagram Showing @ Gun Back-to-back With @
Rocket Motor To Achieve Recoillessness

charges, and separate joading mechanisms
would be required. All of these difficulties
and inefficiencies are eliminated by the basic
design that has been adopted —the basic design
shown schematically in Fig. 2-2 eliminates the
partition and shares the propellant gases and
structures for both the formation of the recoil
balancing jet and for pushing the projectile.

The application of the momentum balanc-
ing principle has been made possible and
further refined through such developments as
the perforated cartridge case, kidney-shaped
nozzle, nozzle cant for spin compensation,
and others which are described more fully in
Part Three, Design, of this handbook. It is the
application of this principle that yields a
lighter weight system which does not penalize
accuracy, but has the disadvantages of higher
propellant weight, rearward blast with its
operating hazards, and intense visual and
auditory signatures.

The fundamenta! principles governing the
gas flow through the recoilless gun nozzle and
the formation of the jet are similar to those of
a rocket and are iliustrated in Fig. 2-3. The
high pressure P, of the gases generated in the
combustion chamber accelerates the projectile
by applying pressure Py to its base as in
conventional guns. Some of the gases move in
the oppasite direction, converging through
the nozzle entrance and accelerating to local
sonic velocity at about half chamber pressure
P, in the nozzle throat. In the expansion
cone, the gases continue to accelerate into the
supersonic region and the pressure continues
to drop. At the nozzle exit, the gases transit
from the region of constrained expansion to
free expansion, provided the expansion angle
has prevented flow separation and the
expanded gases are still above ambient
pressure,

Since the gas is highly turbulent in the
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Figure 2-2. Schematic Recoilless Gun

combustion chamber and the chamber pres-
sure is a rapid transient (of the order of 10
msec), it would be erroneous to visualize the
flow conditions as laminar and steady-tate.
Nevertheless, the steady-state laws describe
the phenomena adequately for gun design
purposes, and the more comprehensible
picture of steady-state laminar flow is useful
(and more comfortable), provided that one
realizes this is an idealization. The general
“rules” of basic nozzie design are given briefly
in Section III of this chapter and detailed
engineering design guidance is given in
Chapter 6, “Cancellation of Recoil”.

Beyond the nozzle exit is a large region of
free expansion and turbulent mixture of the
emitted products with ambient ai~. The gases
enter this region at high velocity (about 6000

2-6

Tube

fps); they contain large volumes of intermedi-
ate products of combustion and significant
quantities of unburnt sclid propellant; and
the area is criss-crossed with shock waves,
sonie of them very strong shocks in the
locations just downstream of the nozzle exit.
Secondary combustion occurs, producing the
characteristic large flash, blast, and smoke
phenomena. It also is noted that for a given
muzzle energy, the muzzle blast from a
recoilless gun is no more than that of a closed
breech gun. The danger zone created by the
gases exiting from the nozzle is conical in
shape with its apex at the nozzle. As shown in
Fig. 24, the danger zone for the 120 mm
HAW Weapon is approximately 130 ft deep
and 150 ft wide at its base (Ref. 3). For a
weapon as large as the 8-in. recoilless cannon,
the cone is approximately 400 ft deep and
500 ft wide at its base (Ref. 4).
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Breech End of tRifle

!
i
!
!
4

| 3 [

; |

; | 3
: |
I 80 ft
i :
| !
' A, 130 ft i
| ] !
| {
l i
: B, 50 ft
| ;
| 4 X :

L,____, 75 ft ;

150 ft 3

A - Rear Danger Area Due to Blast and Flying Particles
B - Area Considered Safe for Personnel Facing to Rear

Figure 24. Rear Blast Danger Area of Rifle, 120 mm, XM 105
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SECTION I}

SYSTEM REQUIREMENTS

24 GENERAL

It is possible to outline the various input
requirements of the recoilless weapon system
in order to see how they relate to the basic
design output—weapon system weight. Fig.
2-5 is a block diagram showing these system
requirement relations. As seen at the top of
this diagram, the basic input requirement to
the weapon system is the kill probability for a
particular target and specified range.

As shown in Fig. 2-5, the kill probability
requirement, in turn, places certain require-
ments on the hit probability and fire power of
the weapon being designed. As these require-
ments are traced further through the system,
it is found that all components of the rifle are
affected. The resuit of this interaction is a
system weight for a given terminal ballistic
requirement. The remaining paragraphs of
Section II more fully describe these require-

ments and how the problem they create is -

solved by determining the design parameters
that minimize weapon weight.

25 REQUIRED MUZZLE ENERGY
2-5.1 KILL PROBABILITY (Ses Chapter 7)

As stated in Chapter 7, single shot kill
probability is defined as the product of hit
probability and the conditional probability of
a kill given a hit. From the definition of target
vulnerable area, conditional kill probabiity
can be expressed as the ratio of the vulnerable
area to presented area. From Fig. 2-5, kill
probability is shown to be dependent on the
type of target and the type of gun-ammuni-
tion-fire control combination used in attempt-
ing to defeat the target.

252 HIT PROBABILITY (Ses Chapter 7)

Hit probability is defined as the probability
of a hit or hits on a target occurring out of a
given number of rounds fired at the target.
For a specified target and weapon system, the
hit probability then depends only on the
overall weapon dispersions. The principal
sources of these dispersions or firing errors are
range estimation, aiming, muzzle velocity
variation, system jump and cant, crosswind,
and the fire control equipment. Wezpon
system design, production control, and
operator training attempt to minimize the
random errors contributed by the weapon
system and the gun crew. During weapon
system design, it is possible to minimize the
effects of the nonrandom errors. However,
this effort will not be made possible without
making some trade-off with the weapon
system weight.

One method of increasing the first round
hit probability is to increase the muzzle
velocity of the projectile. A high muzzle
velocity minimizes such errors as range
estimation and crosswind, but is achieved by
increasing the gun tube length or increasing
the chamber pressure—both of which result in
an increase in the weapon weight. A
sophisticated fire control system could also
increase the hit probability, but again, a
significant penalty is paid by the additional
weight to the weapon. In the last recoilless
weapon systems developed (BAT, MAW,
HAW, DAVY CROCKETT), it was found that
the use of a spotting rifle or spotting pistol
presented the most favorable compromise
between increased hit probability and in-
creased weight.
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25.3 VULNERABLE AREA (Ses Chapter 7)

The vulnerable aiea of a target is defined as -

the product of the target presented area and
the conditional probability that a hit on this
presented area will be a kill. For a specific
type of warhead, achieving a higher condi-
tional kill probabiliiy requires a larger caliber
warhead to accominodate a larger explosive
charge. As the projectile caliber largely
determines both the projectile and weapon
weight, an increase in caliber results in a
significant increase in the weapon weight.

2-6 WEAPON SYSTEM WEIGHT (See Chap-
ter 5)

For a weapon system with a specified
round of ammunition, the system weight is
determined primarily by the required muzzle
energy. Increasing the projectile energy can be

achisved by ecither lengthening the gun tube
to increase projectile travel in the weapon or
increasing the chamber pressure of the
weapon. Both methods result in an increase in
the bare rifle weight. This increase in weight is
further compounded in the overall system
weight since it will be necessary to strengthen
the weapon mount in order to support the
heavier rifle. The effect on bare rifle weight as
caused by changes in the projectile energy and
momentum are shown in Figs. 2-6 and 2-7,
respectively.

The bare rifle weight is calculated from the
rifle dimensions and the internal pres-
sure-projectile travel jistory as outlined in
par. 5-35 and is not a difficuit task. Howsver,
as described in Section III, the mose difficult
problem of the interior ballistician is to
determine the set of propellant and weapon
parameters which will minimize the system

weight.
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SECTION Il

DETERMINATION OF BALLISTIC PARAMETERS®

27 DETERMINE THROAT AREA

In Chapter 6, it is stated that for the open
breech weapon to be recoilless, a certain ratio
of bore-to-throat area is required for a given
nozzle expansion ratio. From a ballistic and
nozzle efficiency viewpoint, it is desirable to
use a large expansion ratio nozzle since this
permits the use of a small throat area, which
acts as a deterrent to the loss of solid
unbumed propellant. Secondly, the use of a
large expansion ratio reguits in a smaller
portion of the propellant chaige being used to
balance the projectile momentum; ie., a
smaller amcunt of the propellant gases,
expanded to a higher nozzle exit velocity,
achieves the same necessary balancing mo-
mentum that would be attained by using
more of the propellant gas but expanded to a
lower velocity. As a result, it would be
posgible to conserve a significant portion of
the propellant charge with a large expansion
ratio nozzle.

There is, however, a penalty that arises
from using a large expansion ratio nozzle and
it is in the form of additional weight to the
weapon. Coinpared to a low expansion ratio
nozzle, the larye expansion ratic nozzie is
larger in actual space required and is
proportionately heavier, the greatc- the
expansion.

In the appendix of Ref. 5, it is indicated
that 1ozzle expansion ratios of 1.79 to 3.50
have heen used in the various recoilless rifles
that have been designed and tested. The
specific nozzie expansion ratio to be used will
depend upon the type of nozzle employed in
the weapon and the compromises that are
made heiween efficiency and weight. For
example, in a central nozzle weapon, it is
possible to maintain a high expansion ratio,

*See Chapter S,

with its significant weight decrease, by
increasing the diveigence angle of the nozze.
A loss in efficiency results, but the weight
savings from increasing the divergence angic
to as high as 45 deg (Ref. 6) can be
significant. Thus, the designer must decide
what compromise between weight and effi-
ciency maximizes the weapon system effec-
tiveness. In past recoiliess rifle designs, nozzle
expansion ratios of 2.0-2.5 have been the
most widely used and seem to indicate that
they represent the best compromise between
efficiency and weight. For the nozzle
expansion ratio of approximately 2.0, it is
found that the bore area to nozzle throat area
ratio should be 1.45, thus determining the
nozzle throat area.

28 DETERMINE GUN AND PROPELLANT
REQUIREMENTS

The previous paragraphs have described
how the initial values of the bore and nozzle
throat area, projectile weight, and the muzzle
velocity are chosen. In Chapter §, the system
of interior ballistic equations is shown not to
be readily solved until certain additional
variables are determined. These variables are
the peak chamber pressure, propelian.i charg.
wcight, and the propellant w.b. With a
specific choice of these quantities, it then is
possible to determine the chamber volume
and barrel length of the rifle.

The most desirable rifle is, of course, one
that is both light and short. Since a light rifle
corresponds to a low peak pressure while a
short rifle requires a high peak pressure, a
compromise betwecn peak pressure and the
rifle size will have to be made. In order to
make the optimum compromise between peak
pressure and gun volume, it is necessary to
determine the relation between peak pressure
and gun volume. For a given peak pressure,
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Figure 2-8. Pressure vs Travel 120 min HAW Recoillass Rifle

however, there is an infinite number of gun
volumes correponding to different choices of
charge weight and web size. The designer’s
problem then is to determine the minimum
gun volume for a given peak pressure.

Section V of Chapter 5§ shows that it is
pocsible to integrate the system of interior
ballistics equations if an average gs tempera-
ture is used in place of the instantineous gas
temperature. For a given set of ballistic

2-14

parameters, it is possible to use this method
of solving the interior ballistic equations and
determine the pressure-travel and velocity-
travel curves. As an example, Fig. 2-8 shows
the pressurc-travel curve initially calculated
for the 120 ma» HAW weapon. Since the bore
area is specified, there is 4 required area under
the prescure-travel curve for which the work
done by the propellant gases in accelerating
the projectile is equal to the desired muzzle
energy. By varying the values of the gun and
propellant parsmeters, it would be possible to
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generate an infinite number- of differently
shaped pressure-travel curves for which the
desired muzzle energy is attained. Since cach
of these curves corresponds (o a different set
of parameters, the task of evaluating one
system versus another would be extremely
difficult.

Since the weapon weight is primarily a
function of the gun volume and peak
pressure, it would be desirabie to select a peak
pressure and then determine the ballistic
parameiers that result in the minimum weight
gun. Section VI of Chapter 5 describes 2
method that gives this desired resuit. For a
given peak pressure and value of the
dimensionless parameter, A = kA, W, /(Cy B), it
is shown how to use solutions of the
simplified interior ballistic equations of
Section V of Chapter S and be able to
calculate the weapon weight. By choosng
appropriatc values of A, it is possible to
generate a family of curves showing the
weapon weignt as a function of A for various
peak pressures. However, Section VI of
Chapter 5 indicates that there is only one
optimumm value of A which satisfies the
minimum weight condition and outlines how
this value of A is determined.

For the optimum value of A, 2 curve of
weapon weight versus peak pressure is
obtained. The design that gives the lightest
weapon then is chosen--provided that the
peak pressure is not so high that it would
induce excessive erogion or blast and the
comresponding propellant loading density is
practical. The optimum value of A determines
the propellant charge and the other propellant
parameters. With thiz information, it is
possible to calculate the value of the
propellant loading density A,. For recoilless
rifles to be cfficient, as described in Section 11
of Chapter §, it is necessary that the value of
the loading density be about 0.6 g<m~ 3.
Values above 0.6 tend to give highly peaked
pressure-travel curves resulting in Jow pieczo-
metric efficiency and exacting a penalty in

ANCP 708-228

gun weight. Values below 0.6 tend to increase
the gun volume and weight.

It should be noted that the minimum
weight rifle solution does not specify
compietely the final parameters of the
recoilless weapon systera. What it does is
specify a small range of peak pressures for the
optimum value of A which leads to the
minimum weight gun. Then, it is possible to
perform the calculations outlined in Section
V of Chapter § for the limited range of peuk
pressures and the optimum value of A to
determine the complete set of weapon system
parameters. Through this procedure, the
designer has gone from evaluating an infinite
number of possible combinations of weapon
parameters, to evaluating the soclutions ob-
tained from 2 or 3 different peak pressures.

29 VERIFY CALCULATIONS WITH TEST
WEAPON

Once the specific gun and propellant
parameters have been determined, it has been
general practice to construct a full scale test
weapon in crder to verify these theoreticaliy
established values. The test weapon is
designed with the saume ballistic characteristics
as the proposed weapon and is equipped with
a very simplified configuration of the breech
design. In the design of very large caliber
recoilless weapon, the 8 in. recoilless cannon
being a prime example, a possible intermedi-
ate step would be the construction of 2 scaie
model test weapon in which preliminary test
firings sre performed. The use of the scale
model test weapon greatly eases the transition
from theory to full scale weapon testing while
achieving significant savings of both time and
money.

Experimental firings of the test weapon are
conducted with projectiles cut from cylindri-
cal steel siugs. The propellant chaige is
contained in a candboard tube, which serves as
the cariridge case, and is positioned in the
chamber behind the projectile. Ignition of the
round is performed through the use of an
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electrical type squib or detonator.

initial firings are performed to establish the
composition and quantity of the propellant
charge required to attxin the desired peak
pressure gnd muzzle v o-ity. The exact value
of the nozzle thir , and entrance and exit
arcas are cstablish .d at this time so that the
specified recoil cancellation is attained. Once
the charge establishment, interior ballistic
design, and general performance requirements
have been mct, the test weapon is used for
ignition studies, ballistic assessment, and
accurscy firings.

2-10 COMPLETE DESIGN OF GUN,
ROUND, AND ANCILLARY EQUIP-
MENT '

As the design, development, and manufac-
ture of 4 recoilless rifle weapon system are
beyoud the expertise of any single organiza-
tion, it is the responsibility of the developing

2-16

agency to coordinate separate developments
of the various components of the weapon
system. It is necessary to coordinate the
desigtt and development of such gun compo-
nents as the mount and such ancillary
equipment as the spotting rifle in order to
ensure that these parts have met their
respective requirements. Since these compo-
nients are not integrated into the system until
prototype units are made, it is important that
the component requirements be compatible.

Part Three of this handbook deals with the
design of the components that make up a
recoilless rifle weapon system. Chapters 10
through 13 indicate both the considerations
to be made in designing the rifle, ammunition,
mount, and fire control device, respectively,
and how the component design affects or is
affected by the design or perfonmance of the
other components. Only in light of the design
and performance of the other components
will the principal components integrate to
produce the desired product.
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SECTION IV g
NUMERICAL EXAMPLE. !
{
The numerical example that follows is 4. Solution:
based on the procedures outlined in par. 5-20 :l
of Chapter S5 for determining the peak Vo = 2/V,.(fpsy! for minimum weight ‘
pressure to be used for obtsining the gun (Eq. 5-64) i
minimum weight gun. The caiculations are 2
performed using requirements for the 120 = ——= |, 104 X 1073 (fps)? 1
mm HAW Weapon System. Explanation of 1810
the various parameters are contained in !
Chapter §. SV r )= Y kF[(A/A,), dimensionless
==(l.104)<10")(6.416)(l()"')(l&l)(i()’) 1
1. Given Constants: 1.46 1
= 1.638 :
2. P pellant: q
F Fig. 5-18 for f = 1.638, )
1/p = 17.09 in.4b>} rom F& orf=1638 !
A = 0.53 i
k =646 X 107 sec?
Estimate Val fC,
F =3.3X 10% (ftdbHb™ tmate Yalde ot &y |
= 9,
b. Weapon System: Cont M60 l:)s : ]
x— =z —= = (.5625sl
A = 17393in3 "ty T 322 ue
A, =1191lin3 m = 1.08 ["H(l_-wg_g] dug |
g ’
A= 1437 (1 - 0.53) (9.60)
- 0.53) (9.
= 1041 0.562 + —m—m———
M =181 [ 3(322) ]
Vi = 1810 fps = 0.63 slug
o' = 0.31blin? From Fig. 5-17 for P, = 10,000 psi
o = 160,000 psi B = 6.40 X 16 in.Apsi-secy! 1
R; = 2.35in. W, = m'BV_/A, in. 1
2. Chosen Constant: £, = 10,000 psi = (0.63) (6.40 X 107*) (1810) ]
17.293
3. Assumptions: ]
= (0.042 in. !
a. Vb =V, !
C; = kA,W,/(AB), Ib (from definition
b. N, = 0 of k)
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i

= (646 X 10°3) (11.911) (0.042)
(0.53)(6.40 X 107)

= 9531b

From Fig. 5-19 for y_ = 1.104 X 10°
(fpey*

w,', = 1.0 X 10°% (fpsy?

For minimum weight gun
- 12m'exp (Y. V)

x : +r'.in. (Eq. 5-62
] P,.‘ (W’ )2‘ 1 ('-"Q )

where

r o CilpA)and YLV, =2

) 12 (0.63) (2.718)?
M (10,000)(17.393)(1.0 X 1072)*(2.178)
(9.60) (17.09)
17.393

X

X, = 127.6 in.

For minimum weight gun:
N 12m’
’ P,A (Ul,', )?
- 12(0.63)
(10,000) (17.393) (1.0 X 10°*)?
(9.6) (17.09)
17.393

x + r',in.

= 5§29 in.
12m'’ (o

B e r— in
’ 2 L] .
PPA (Wp) e pA

. 12 (2.718) (0.63)
(10,000)(17.7 1)(2.718)(1.0 X 10°%)3
(9.60) (174 7))
17.393

= 254 iu_:

*Obiained from iiq. 5-61 based on the assumption that ¢
=0 for & minimum weight weapon,

2-18

For minimum weight gun:
12
Pp (\P,,) Vae

- w;pez

P =

(since ¥, Vo =2)

‘(10.000)(1.0 X 107%)2(1810)¢2.718)

Pm
(1.104 X 1073) (2.718)?

P, = 6031 psi

Using a safety factor of 1.15:

fr = LISH

P, = 115X 10.000 = 11,500 psi
P, = VISP, psi

P, = (1.15)(6031) = 6936 psi

Calculating the wali thicknesses by Eq.
5-109 corresponding to P", and P

w, =P, R, fo. in.

= 0.169 in.
160,000 0.16% in

) ' ! 1
w, =P Rjlo,in.

= (6936)(2.35) .
160000 =0.102 in.

The weight of the gun then is approxi-
mated by Eq. 5-112 and noting that it was
assumed ¥, = V_ . thus x = x_. Also kq.
5-112 shows that the tube weight and the gun
weight are cstimated by adding the chamber
weight to Eq 5-112.

W"n = er'Rz[(.\'o txpiw,

|
|
|
|
|
ij




2 1
oWy tww, v W)

X ( "_m_'_’fz) ] b
3
= 25(0.3) (2.35)[(25.4 +52.9)
X (0.169) +50.1692+ 0.102)

X (127.6 - 52.9)] + %x(0.3)
{ (0.169)* (25.4 +52.9)

+ [(0.1691 +(0.169) (0.102)
+ {0.102]

{127.6 - 52.9)
yes

= |04.81b

A =217 £—\  gem?
o A ul
- 27.7 (9.60)
17.393 (25 4)

Repeating these calculations for different
values of P . a curve of bare rifle weight
versus peak pressure for A = 0.53 is generated
as shown in Fig. 2-9. Examining the loading
density 4 for the various peak pressures. we
find tke following:

=).60 g<m™

P, psi a,,gcm?
8,000 0.518
$,000 0.562

10,000 0.600

11,000 0.636

12,000 0.670

14,000 0.731

From the discussion of par. 2-8, it is shown
that the appropriate choice of Pp would be
10,000 psi in order to attain the desired
loading density of 0.6 gxm™*. The propellant
charge for A = 0.53 is 9.6 ib. In the final
design of the 120 mm Rifle, XM10S, HAW,
the following paramecters were obtained
experunentally for 4 muzzle velocity of 1800
fps at 70°F:

Pp = 10,300 psi
C., =951lb

These values are extremnely close to the
calculated values obtained for the minimum
weight gun. Given the optitnum values of 7,
&nd A for a minimum weight gun, it is possible
to determine all the rest of the gun and
propellant parameters as well as the pressure-
travel relation through the method of solving
the interior ballistic equations as described in
Section V of Chapter 5. An example of these
remaining calculations is given in par. 5-19,

|
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PART TWO

THEORETICAL ANALYSIS

CHAPTER 3
TERMINAL BALLISTICS
3.0 LIST OF SYMBOLS ‘Nfm) = total number of fragments of weight
greater than m
N, = total number of fragments
A = constant of Eq. 3-1, dimensionless :
_ = outside radius of case, in.
A = average presented area of fragment,
ft? t = wall thickness, in.
B = constant of Eq. 3-5, g V/ 2.in.7/6 14 = velocity of fragment, fps
C = explosive charge weight, g v, = initial fragment velocity, fps
ED = average drag coefficient, dimen- W = mean width between grooves, in.
sionless
x = distance from point of burst, ft
d; = projectile inside diameter, in.
M = quantity in Mott equation related
d, = projectile outside diameter, in. to average fragment mass, g
e = base of natural logarithm 0 = angle measured from nose of pro-

2.7'8281828. ..

VZE = Gumey constant, fps p(6)
G = number of grooves per ring

K = constant of Eq. 3-9, 1b-ft™3 e
M = total weight of projectile, g e
m = fragment weight, gorIb Pm

jectile, deg

= fragment density, fragments per
solid angle (steradian)

= weight density of air, Ib-ft™3

= explosive charge weight density,
Ib-ft™3

= metal case weight density, lb-ft?
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SECTION |
INTRODUCTION

31 SCOPE nations of cased high explosive charges. These

Warheads used in recailless rifle weapon
systems are similar to the warheads of conven-
tional artillery ammunition. Since the same or
similar types of explosive charge material,
fuzes, projectile material, etc., are the same
for recoilless and conventionul artillery am-
munition, this information is not presented
herein and the reader is directed to the
material on terminal ballistics contained in
Refs. 1 and 2. This chapter will direct its
discussion to the factors that affect the
terminal ballistic performance of recoilless
rifle ammunition.

32 BACKGROUND

Terminal ballistics is concerned with the
principles underlying the effects of weapons
on targets. The effects studied include pene-
tration, fragmentation, detcnation, shaped
charge, blast, combustion, and incendiary
effects. Because these effects are dependent
upon the firing and flight characteristics of
the projectile, the terminal ballistic study
includes all actions of the warhead from
safing and arming to cffect on the target.

In designing weapons and ammunition,
maximum desired terminal effect is a primary
objective. In order to achieve this objective, a
proper balance of many factors is essential.
The most important of these factors are
shape, weight, and material used in the
projectile; type and weight of explosive
charge; fuzing system; and terminal velocity.
In order to evaluate or determine the scaling
of these parameters, various experiments are
conducted to detennine the principles govern-
ing the number, size, velocity, and spatial
distribution of fragments resulting from deto-

o 2 U R0 et et Mk

experiments also include the study of penetra-
tion, impact, blast, and shaped charge ef-
fects—depending upon the type of warheads
under study. The basic information provided
during these terminal ballistic studies and
experiments p.rmits the optimization of the
parameters and effects on particular types of
targets. These studies also provide the infor-
mation required to evaluate the overall system
effactiveness. For example, terminal ballistic
studies, i.e., distribution of fragments by size
and velocity, provide the data needed to
determine kill probability.

33 TYPICAL RECOILLESS WARHEADS

Recoilless rifles ai¢ large valiber weapons of
light weight, great striking power and accu-
racy, delivering no recoil to its mount or, if
shoulder-fired, to the bodyv of the individual
1iring the weapon. These characteristics make
the reccilless rifle ideal for infantry attack
against heavily armored vehicles such as tanks.

Most recoilless rifle weapon systems, te-
cause of their light weight and relatively low
muzzle velocity, cannot function effectively
when employing AP (armor-piercing) type
warheads that rely totally on the kinetic
energy of the projectile to enable it to
penetrate the target armor plate. In normal
combat conditions, complete incapacitation
of armored veicles is not necessary to put
the vehicle out of action. Various components
and moving parts such as controls, engine, gun
and running gear can become inoperchle by
being wedged, burred, deformed, or cut off to
cause immobilization or uselessness of the
vehicle. This can result projectile fragments
and blast on the cutside of the vehicle or by
spal) particler on the inside. Furthermore, a
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hit on vital components such as ammunition,
and sometimes fuel, can causs vehicle destruc-
tion by fire.

Because HE (High Explosive), HEAT (High
Explosive Antitank), and HE? (High Explo-
sive Plastic) warheads do not rely exclusively
on total armor penetration to defeat the

target--i.e., they do not require a high muzzle
velocity, but rely on fragmentation, blast, or
spalling characteristics to defeat the target—
they are used effectively in recoilless rifle
weapon systems against armored targets. Figs.
3-1 and 3-2 show the typical configuration of
HEAT and HE recoilless warheads, respec-
tively.

High Explosive

Base Detonating
Fuze

Charge

Conical Liner
Standoff Spike

N NN U U, L . N

Piezoelectric Crystal

Figure 3-1. Typical HEAT Recoilless Warhead Cross Section
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SECTION 1l

HEAT WARHEAD

34 QUALITATIVE DESCRIPTICON

The HEAT washead is a special type of
high explosive warhead that incorporates a
shaped charge. The husic components of the
shaped charge warhead are container, hollow
liner of inert material, fuze, explosive charge,
and detonating device. As shown in Fig. 3-1,
the shaped charge warhead has an axially
symmetric high erplosive chiarge positoned
behind zn inert liner in the form of a cone
with its apex toward the detonator. In opera-
tion, the high explosive charge illustrated is
initiated by the impact of the warhead which
generates a current in the piezoelectric crystal
that, in turn, functions the fuze and detona-
tor. The generated shock wave in the explo-
sive collapses some of the liner material into a
high velocity stream of metal called a jet. The
forward end of the jet attains a velocity
approaching the detonation velocity of the
explosive (25,000 fps) whils the aft end of
the jet and the remaining liner material (called
the “slug’™) have a forward velocity of about
1500 fps. If the liner material is sufficiently
ductile and there is sufficient space, the liner
will be drawn out into a very long thin jet of
extraordinary penetrating ability. The dis-
tance between the base of the liner and the
surface to be attacked is called the “standoff™
and depending upon the type of charge, liner
material, and other parameters, there will be
an optimum standoff for which the greatest
penctration is achieved against the specific
type of target.

Against armored vehicles, the damage in-
flicted by a HEAT warhead stems from the
ability of the jet to penetrate the armor
thickness and from the production of spails
on the opposite side of the armor surface
under aitack. Properly dJesigned shaped
charged warheads detonated at the optimum

standoff can penetrate thicknesses of steel
armo: equal to three or four *imes their
conical diameter.

For detailed quantitative information on
the resistance of armor against HEAT rounds,
see Ref. 3.

35 FACTORS AFFECTING PERFOR-
MANCE

3-5.1 INTRODUCTION

The performance of shaped charge war-
heads can be evaluated by severai methods
that determine the an ount or type of pene-
tration in a homogenzous reproducidble type
of material. In most cases and in the material
contained within this chapter, the measure of
performance is taken as the total depth of
penetration into mild steel, except where
otherwise stated. The equivalent penetration
in homogeneous armor is obtained by multi-
plying by a conversion factor. Homogeneous
armor generally is not used as a target
material because of its much greater cost than
mild steel. Fortunately, different grades or
types of mild steel all give about the same
average penetration for a given shaped charge
design. In measuring the depth of penetration,
targets often are made up of stacks of mild
steel plates 0.5 to 3.0 in. thick.

In various tests as reported in Ref. 1, it is
found that the penctr-tion of a given jet intc
steel at a fixed standoff varies essentially
linearly with the Brinell hardness of the steel
and that the penetration also is affected by
the standoff. Tests also indicate that in
comparing the relative performance of the
ability of a given shaped charge to penetrate
mild steel and homogeneous armor, the armor
is more effective than the mild steel in

3-7
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resisting penctration of a given jet at longer
standoffs.

For some purposes, a better measure of
performance would be the volume cf the hole
or its smallest diameter. The best measure of
performance, especially when considering the
lethality of the warhead, would be the
measurement of some factor that indicates
the amount of damage done behind a given
target plate by the residual jet and spalled
material from the back face of the plate.

35.2 PROJECTILE SPIN

One of the problems or disadvantages

encountered in the use of shaped charges is
that rotation of the warhead in spin-stabilized
projectiles reduces the penetration capability
of the jet. Increasing standoff increases this
effect, Fig. 3-3 shows the relation of penetra-
tion to rotaticnal speed, and indicates the
undesirable effect of rotation on penetration.
The reduction in penetration caused by rota-
tion is attributed to the lateral dispersion of
the jet which results in decreasing the effec-
tive mean density of the jet.

Attempts have been made to improve the
performance of spin-stabilized HEAT projec-
tiles by using nonconical, axially symmetric
liners. However, at high spin rates, the results

105 mm
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Figure 3-3. Penetration as a Function of Prajectile Spin Rate (Ref. 1)
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were not promising and the major emphasis
shifted to the design of fluted liners not
having axial symmetry. The principle under-
lying the use of fluted liners is that of “spin
compensation”, i.e., of conserving the angular
momentum of the liner so as to inhibit the
dispersion of the jet. Generally, spin compen-
sation is achieved by using flutes that are in
the plane of the charge axis and that have an
increasing thickness as one procecds from the
apex to the base of the cone. However, the
mechanism of spin compensation is not yet
fully undei.tood, since even the direction of
spin compensation can be reversed in some
cases by just changing the number of flutings.
For the present, it is necessary to rely on
available empirical data when considering the
use of spin compensation.

35.3 PHYSICAL PROPERTIES OF LINER

The formation of a shaped charge jet from
the collapsing cone is a critical process and
can be affected adversely by deviations in the
required geometrical accuracies and metallur-
gical properties of the liner. In order for the
walls of the cone to collapse and meet exactly
on the axis of the cone, several geomet-ical
requirements must be satisfied or the sides of
the cone will not collapse uniformly on the
cone axis and will produce a crooked jet that
wanders at the point of contact on the target
surface, resulting in poor penetration. Thus, it
is important that sections of the cone perpen-
dicular to the cone axis be true circles with
centers on the axis and that the walls be of
uniform thickness around the section circum-
ference. Uniform density of the metal also is
required for even collapse of the walls. The
last undesirable characieristic is the existence
of waviness along the slant height of the cone.

Deviations in the metallurgical properties
of the liner can result in the same reductions
in the effectiveness of the warhead as caused
by the geometrical inaccuracies of the liner
previously discussed. Meta'lurgical properties
of the liner depend strongly on the manufac-

AMCP 708-238

turing method and type of heat treatment.
Because of the extremely high pressures, high
strain rates, and excessive amount of plastic
strain involved in the ccllapse of the liner, it is
difficult to analyze the metallurgical state of
the liner in all states of jet formation. Also it
must be remembered that the properties of
the jet and the cone are not the same, and
that the most important properties are those
considered under the high piessures and raies
of strain previously mentioned. These proper-
ties may be very different from those under
ordinary conditions, as emiphasized by the
fact that glass ccnes give penetrations in
concrete targels greater than might be cx-
pected from the inetallurgical properties of
glass. Some very interesting and important
correlations exist among properties of the
liner, principally crystal structurc and meliting
point, and behavior of the jet. One of the
most interesting features is a built-in spin
comrensation factor in certain cascs, appar-
ently resulting from an unusual crystal struc-
ture as a consequence of a particular forming
process that would give less penetration in
static firings.

Theory indicates that the penetration of
the jet is proportional to the length of the jet
and the square root of the jet density. For a
continuous jet the assumption is made that
the jet density is the same as that of the cone.
As a result of the velocity gradient in the jet,
the jet lengthens as it travels and, because of
this stretching, eventually breaks up into a
series of particles. If the jet did not break up,
its length and penetration would increase
linearly with time and, consequently, with
standoff.

Actual data indicate that penetration in-
creases with standoff up to a maximum value
of penetration. The standoff corresponding to
this maximum penetration is called the “opti-
mum” standoff. Beyond the optimun stand-
off, the average penetration decreases with
increasing standoff, while the best values of
penetration approach an asymptotic value.
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The decrcase in penctration from the ideal
liner value to the asymptotic value is due to
the breakup of the jet, whereas the decrcase
in penectration from the asymptotic value to
the average value is due to increasing spread
of the jet. Thus, for good penetration, the jet
should be capable of attaining a great length
before breaking up. The ability of the jet to
attain the desired lengths depends upon its
metallurgical prop.rties, homogeneity of the
explosive filler, and the accuracy of compo-
nent manufacture and assembly. In tesis
comparing the penetration capabilities of cop-
per, aluminum, steel, zinc, lead, and glass
liners, it is found that copper and aluminum
have the best metallurgical properties for
shaped charge cones while lead and glass have
inferior properties. A desirable liner material
would have properties similar to copper and
aluminum, and have a high density (Ref. 1}.

354 STANDOFF

Fig. 34 shows the relationship between
penctration and standoff for copper cones
into mild steel targets under test conditions.
As indicated in Fig. 3-4. the maximum pene-
tration would occur at a standoff of about 6
cone diamcters. In reality, the actual standoff
for a well-made conical liner would be limited
to one to three cone diameters by such
acrodynamic considerations as ogive shape
and size, and projectile velocity. However,
these shorter standoffs may be sufficient to
attain 80 to 90 percent of the penetration
expected at optimum standoff indicated in
Fig. 34.

A properly designed cone will achieve the
required level of penctration while exhibiting
a fairly flat penectration-standoff curve. i.e.. an
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increasc or reduction in standoff will not
change the penetration greatly. Both alumi-
num and copper liners exhibit fairly flat
penetration-standoff curves, as compared to
steel lincrs which exhibit a sharply decreasing
penetration after peaking at a small optimum
standoff.

35.5 CONE ANGLE

The choice of the cone apex angle is
important, both from a pcrformance and a
manufacturing standpoint. Data are available
that indicate the optimum standoff increases

AMCP 708-223

with increused apex angle up to about 65 deg:
optimum standoff or maximum penetration
then decreases as the apex angle is increased.
However, the optimum standoff is also depen-
den' upon the cone material, wall thickness,
and charge length.

With modem, precision-manufacturing
methods, the optimum cone angle for projec-
tiles with copper cones is close to 40 to 45
deg. However, certain cases, as indicated in
Fig. 3-5. have shown best penetration perfor-
mance with 20-deg cones. and in others,
60~1eg cones. As a first choice, a cone angle
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of either 40 or 45 deg may be seiected and
will give good performance in projectiles with
an ogive length of 2 calibers (Ref. ).

As with most other cone parameters, the
effect of the cone apex angle decreases with
increasing projectile spin rate. For example, at
0 rps a 45-deg, 3.4-in. copper cone penetrates
3 in. deeper than a 60-deg cone of the same
wall thickness; but at 45 rps, the difference is
less than 1 in.

35.6 LINER WALL THICKNESS

For each type of cone material, standoff,
projectile wail confinement. explosive type.
charge shape. and cone apex angle, there is an
optimum wall thickness. From a practical
consideration of projectile design, the projec-
tile confinement and conec apex angle are the
most determining factors.

As a guide for liners of different apex
angles, or for shapes other than conical, an
approximately correct wall thickness may be
obtained by maintaining the thickness con-
stant in the axial direction. As shown in Fig.
3-6, curves of penetration versus wall thick-
ness are frequently unsymmetrical. A thicker
wall generally is preferred over a thinner wall
since thin-wail performance is typified by
excassive variability from charge to charge,
whereas the thicker-wall performance is char-
acterized by good reproducibility with only a
tolerable decrease in penetration. In practice,
a wall thickness about 5 percent greater than
the optimum is selected in order to insure
that the production wall thickness will not be
less than optimum (Ref. 1).

Various studies have indicated that the
liner thickness should scale as the diameter,
i.e., a cone would logically be thicker at the
base than at the apex. The investigations of
tapered walls. however, have shown that the
real improvement in the penetration perfor-
mance is slight, if any at all. These studies
have indicated. however, that rather wide
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tolerances may be placed on the variation in
wall thicknesses between apex and base with-
out reducing penetration, provided the wall
thickness is held constant at each iransverse
section of the cone.

35.7 LINER SHAPE

Nonconical shapes that have been tried as
liners—in addition to the simple cone already
described—are hemispheres and spherical caps,
trumpets, and combinations of these. The
general results are that the penetrations
achieved from these configurations are infe-
rior to those obtained with simple cones.
Radiographs show that hemispheres do not
collapse with the formation of a jet, as do
cones; they turn inside out before collapsing,
with the whole liner being projected as a
stream of particles. Spherical caps (segments)
are fragmenited and projected as a cluster of
particles that may be more or less focused
depending upon the curvature. Results ob-
tained from the use of spherical segments
show poorer results than those obtained with
hemispheres.

Double cone angles in which there is a
change from one angle to another have shown
Jood performance in certain cases. When the
change in angles is made abruptly, there has
been no evidence of any increase in penetra-
tion. However, when the change in angles is
made smoothly and the liner wall tapered,
rounds have given peak performance at nor-
mally available standoffs.

35.8 ALIGNMENT OF CONE AND
CHARGE

For the best and most reproducible perfor-
mance, the axes of the charge and cone
should coincide. In actual practice, however,
the axes may not be parallel (tilted), or they
may be parallel but displaced (offset). Tilting
of the liner results in a reduced average
penetration. Although it is possible to obtain
good shots with lirers tilted as high as 2 deg,
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the general findings are that a 1-deg tilt of the
cone reduces the average penetration by 50
percent, a 1).5-deg tilt by 20 percent, and a
0.3-deg tilt by 10 percent.

The second type of misalignment results
when the cone and charge axes are parallel
but slightly offset. Actual tests have shown

that an offset of only 0.015 in. (1 percent of
the base diameter) reduced the penetration by
approximately 20 percent.

35.9 CONFINEMENT

Increasing the confinement of the jet either
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by providing an increased wall thickness or a
“belt” of explosive greatly increases the hole
volume of the penetration. The presence of
explosion products at high pressure within the
explosive belt retards the =xpansion of the
products in much the same manner as does a
stee] casing. In the study of the effects of
confinement on the performance of flang.d
and unflanged cones (Ref. 1, par. 2-93) the
followirg vonclusions have been drawn:

1. The addition of a small explosive belt
obtained by increasing the charge diameter
from 1.73 to 2.00 in. produces the same
effect on penetration and hvle volume for a
1.63 base diameter cone as the addition of
0.25 in. of steel confinement.

2. When heavy base confinement is added
to the 2-in. charge, the penetrauion is de-
creased about 20 percent.

. e —— W A

3. The addition of both lateral and heavy
base confinement to the 2-in. charge causssa
drastic reduction of about 45 percent in
penetration performance.

4. When the larger charge is confined
'aterally, the presence of a flange causes a
relatively small, but significant decrease in
penetration, as compared with a similarly
confined charge lined with a deflanged cone.

5. The hole volume produced by the 2-in.
charge is increased by about 50 percent when
lateral confinement of 0.25-i. steel is used
(compared with the 100 percent increase
which occurs with the 1.63-in. charge):
boundary conditions at the base of the charge
have little or no cifect on hole volume in spite
of the large changes in depth of penetration.
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SECTION il

HE WARHEAD

36 QUALITATIVE DESCRIPTION

The HE warhead consists of a high explo-
sive charge and fuze surrounded by either a
wall of preformed metal fragments or a
prescored or solid metal casing. Upon detona-
tion of the high explosive, the metal case
expands with the fragnients being propelled
outward at velocities of 6,000 to 10,000 fps.
In effect, the fragments are projectiles with
the capacity to inflict considerable damage to
adjacent objects. Capacity for damage de-
pends upon fragment size, shape, velocity,
and distribution.

Fragmentation is not the only result of
detonation of the HE warhead. Approxi-
mately forty percent of the gas :nergy nor-
mally is expended in the fragmentation
process with the balance of the available
energy being consumed in the formation of a
compressive wave in the air surrounding the
projectile.

3-7 DETERMINATION OF FRAGMENTA:
TION CHARACTERISTICS

3-7.1 FRAGMENT SIZE DISTRIBUTION
Mott and Linfoot (see Ref. @) proposed
that the fragmentation of thin-walled projec-
tiles is the result of two-dimneitsional, rather
than three-dimensional, breakup. Based on this

assumption, the mass distribution of frag-
ments may be described by the equation

Nim) = Aexp { ~ m/p)t/? (3-1)
where

N(m) = total numover of fragments of
weight greater than m

m = {r: zment weight, g

AMCP 706-238
u = function of average fragment
weight 7, g
u =m/2
A = constant

If it is assumed that the two-dimensional
breakup holds down to the smallest fragment,
then

N(m) = M/ (2p)) exp ( — m/p)t/? (3-2)
where
M = total weight of nrojectile, g

2u = arithmetic average fragment weight,
g

Noting that A/(2u) represents the total num-
ber of fragments N,, Eq. 3-2 also may be
written

N(m) = N, exp ( = m/u)}/? (3-3)

For extremely thick-walled projectiles, the
wall thickness will have less effect on the size
of the fragment. Also, three-dimensional
breakup rather than two-dimensional breakup
will be the rule. The weight distribution of
fragments for this case is described by

N(m) =Aexp ( = m/p)/? (34)

For fragmentation projectiles, Eq. 3-3 is more
representative than Eq. 24 of the conditions
found.

If one assumes the validity of the Mott
equation, the quantity u is a measure of the
fragmentation efficiency of the projectile and
is dependent both upon the characteristics of
the explosive and of the metal case. The




T TN YO TR

o e o T ey,

AMCP 706-238

significance of the quantity is made clearer by
stating that the number of fragments greater
than u g is equal to the number of fragments
having masses between p/11 and u g. Thus, if
u=55g, the number of fragments lying
between 0.5 and 5.5 g would be equal to the
number of fragments with weight greater than
5.5 g (assuming that the Mott equation is
valid down to fragments as small as 0.5 g).
Furth~rmore, if the Mott equation was valid
for all fragments, then the number of frag-
ments greater than u would comprise 37 per-
cent of the total.

As stated in Ref. 1, there has been diffi-
cully in analyzing existing test data because
of the nonuniform behavior of the projuctiles.
Even within a single lot of projectiles, there is
considerable variation in the number of frag-
ments proiiced by the individual warheads.
Thus, -~ - rough agreement between exist-
ing experimental data and the semitheoretical
formula developed by Mott exists. A series of
experimental firings with steel projectiles
filled with explosives of different character-
istics was performed at the US Naval Ord-
nance Laboratory in order to obtain values of
the parameter u as well as other parameters
and characteristics of the fragmentation
process. Plots on semilogarithmic paper of the
cumulative number of fragments versus the
square root of the fragment mass were ob-
tained with several representative plots shown
in Fig. 3-7. The Mott equation predicts a
straight line of these plots. However, as shown
in Fig. 3-7, it cen be seen that the experi-
mental poinis in every case form a curve of
increasing negative slope rather than a straight
line. Assuming that this experiment was accu-
rate, it would seem to indicate a fundamental
defect in the Mott relationship.

The value of g, in addition to being
dependent upon the characteristics of the
explosive and projectile material, also is de-
pendent upon the physical dimensions of the
projectile. To account for this varnability,
scaling formulas have been proposed. The
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following formula, relating the value of u to
the projectile inside diameter d; and the wall
thickness ¢ has been proposed by Mott:

pl/2 = BeS/8q3(1 + ¢/ay) (3-5)
where
B = constant depending upon the explosive
and the physical characteristic of the
metal of the casing
d; = projectile inside diameter, in.
= wall thickness, in.
2-7.2 INITIAL FRAGMENT SPEED
The initial speed V, of fragments is pre-
dicted quite accurately by the following
formulas developed by Gumey:

1. For cylinders:

_ C/M 1/2
Vo = @(ﬂ—m) N fpS (3-6)
2. For spheres:

_ " C/M 1/2
v, =V2E (m) . fps (3-7)

VZ2E =Gumey constant for each type of
explosive, fps
C = weight of explosive charge, g
M = weight of fragmenting metal, g
Table 3-1 gives the value of \/2E, Gumey

constant for most of the commonly used high
explosives.

The graphs in Fig. 3-8 simplify the calcula-
tions for V¥, in terms of the outside diameter
d, and thickness ¢ of the projectile, the ratio
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TABLE 31

GURNEY CONSTANT FOR VARIOUS
EXPLOSIVES (Ref. 1)

Gurney Constant

Explosives V2E, tps
Compasition C-3 8,800
Compasition B 8,800
Torpex 2 8,800
Composition H-6 8,400
Pentolite 8,400
Minol 2 8,300
HBX 8,100
TNT 7,600
Tritonal 7,600
Picratol 7,600
Baratol 6,800

Pc/p, of the density of the explosive to that
of the metal case, and the Gurney constant of
the explosive. Knowing the value of 7/d,, one
uses Fig. 3-8(A) to solve for (C/M)/(p,/p,, ).
The value of C/M may then be found by
multiplying byp,/p,, . This value of C/M then
may be used to find V,A/2E from Fig
3-8(B). Multiplying this expression by the
appropriate value of \/2E from Table 3-1
gives the value of the initial fragment speed
V.

o
3-7.3 FRAGMENT SLOW DOWN
The equation for the velocity V of a

fragment at a distance x from the point of
burst is given by the following relationship:

V=V,exp [.. 9&‘7;1"_4’5] fps  (3-8)

where

V =speed of fragment at x feet from
point of burst, fps

V, = initial speed of fragment, fps

E’D = average drag coefficient, dimension-
less
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A = average presented area of fragment,
ft?

p, = density of air, Ib-fi’3
x = distance from point of burst, ft
m = weight of fragment, b

For any homologous class of regularly
shaped fragments, the weight m and average
presented avea A are related by the following
equation:

m = K(AP®/? (3-9)
where

K =constant for the particular class of
projectile

The value of K has been shown by experi-
mental results to be roughly constant for the
fragments projected from a particular projec-
tile. Values of K are given in BRL Reports
501, 536, and M915 for a variety of projectile
ar.! bomb fragments.

The method used to determine the pre-
seuted area of the fragment involves measur-
ing the presented area of the fragment for
each of 16 positions corresponding to the
orientation of 10 of the 20 faces of an
icosahedron plus 6 orientations corresponding
to the 12 vertices of the icosahedron. The
arithmetical average of these values is then
used for 4. The instrument used to obtain the
presented area is known as an icosahedron
gage.

3-7.4 FRAGMENTATION PATTERNS

When a projectile or warhead bursts, frag-
ments are projected in different directions
depending upon the configuration of the
projectile. If the projectile were spherical and
stationary when detonated, the density of
fragments would be substantially constant,
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Figure 3-8. Graphs for Determining the Initial Fragment Velocity V,
(Ref. 1)
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regardless of the direction. If the projectile
were entirely cylindrical, the greatest density
of fragments would be close to the equatorial
plane, with practially all fragments contained
in a narrow side-spray of the order of 20-deg
width. For an ordinary artillery projectile, the
curve of distribution with angle is peaked, and
resembles the “normal error curve™. An ex-
ample is shown in Fig. 3-9.

Projectiles and warheads almost always
have circular symmetry about their longi-
tudinal axis. Hence, the distribution of frag-
ment mass and velocity may be described as
functions of the angle 8 measured from the
nose of the proizctile (see Fig. 3-9). Letting
p€0) be the fragment density in fragments per
unit solid angle, the total number of frag-
ments N, of the given projectile is given by

276 CONTROLLED FRAGMENTATION

In uncontroiled fragmentation, the range of
masses and speeds is very great. In order to
secure more effective fragments, it is desired
to solve for the optimum mass (depending on
the lethality requirements) and design a
projectile that would limit all fragments with
this mass. Thus, the probability of damage
would bte greatly increased and the results
estimated more correctly.

The methods for controlling fragmentation
are described in the paragraphs that follow.

3.7.5.1 Preformed Fragment
The best method of controlling fragment

size is to form or precut the fragments to the
desired size before incorporation into the

N, =2z Ja p(6) sin 840 (3-10) projectile wall. The projectile structure usual-
o ly is formed by a thin metal liner or cover, or
6 Y
105 mm Projectile M1t
1540 fps remaining velocity
-8 1 | |

., A

Pertorations o. 1-in, Spruce
per unit solid angle a[ 15 ft

| A

2

A,

o

Perforations per Unit Solid Angle

N

—]

0 20 40 60

80

100 120 140 160 180

Angle 8 Measured from Nose of Projectile, deg

Figure 3-S Typical Angular Fragmentation Distribution (Ref. 1)
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both, to which the fragments are fastened
with adnesive. Another method of installing
the preformed fragments, especially spherical
or fin-swabilized fragments, is to place the
fragments i . layers between the inner liner
and the ca. . an:d then fill the crevices between
themn with a plastic matrix.

3-7.5.2 Notched or Grooved Ring

In this method of controlling fragmenta-
tion, a series of notched rings are fitted over a
plastic or thin metal lirier, ¢ach ring forming a
section of the warhead perpendicular to the
axis of symmetry. Tlic forces frota detonation
operate mostly in the direction of stressing
each ring circumferentially snd only secon-
darily to separate adjacent rings. Essentially,
the thickness and width of the rings provides
control of two dimensions of the fragments
while notches along the circumference of the
ring provide places of weakness where break-
age in the third direction is desired.

The factors that are considered in this type
of projectile are:

1. Quality of steel in rings

2. Spacing of the grooves

3. Groove depth

4. Width of rings

5. Timer

6. Length-to-diameter ratio

7. Ring finish.

The material selected for the rings is of
relatively minor importance except that it
must be homogencous, Test resuits to date
indicate that mild steel might be preferable to
high-carbon steel and that the steel should be

sufficiently hot-worked to break up segre-
gated inclusions, and assure their uniform

ANMCP T708-23%

distributioa. The grooving spacing can be
determined from the following formula:

G =7@R ~t)/W (3-11)
where

G = number of grooves per ring

R = outside radius of case, in.

t = thickness of case, in.

W = mean width betwe=n grooves, in.

The depth of the grouve should be from §
to 10 percent of the ring thickness because
excessive groove depth causes the fragments
to break up. The grooves showld have sharp
bottoms and the rings provided with a ground
or smooth lathe finish. In general. the width
of the ring should be made eq:ai w0 the
thickness, the length to diameter ratio of the
casc not lesy than 1.25 to 1, and the length
between 2.5 and 5 calibers.

The liner should be made of a material that
will produce no important fragments and
should be as thin as is conmsistent with
manufacturing and strength considerations. A
thickness of 5 percent of its radius has been
found satisfactory for laminsied phenolic
plastic tubing.

3-7.53 Notched or Grooved Wire

In general, the notched wire method of
controlling fragmentation is simil-r to the
notched rings. This method incorporates a
notched wire wound in a helix or spiral into
the shape of the warhead casing. The wire
must be supported by a liner or fastencd
together by some means (such as welding) in
order to preserve the warhead shape. Notched
wires usually are used when a notch ring
would be teo thin for economical manufac-
ture.
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37.5.4 Notched Casings

Instead of notching in one direction and
having actual discontinuities in the metal in
the other direction (such as in the notched
ring or wire method), it is possible to cut,
punch, or cast a two-dimensional network on
a solid casing. Four types of notched casings
have been tested for their controlled fragmer-
tation, namely (Ref, 1):

1. Cylinder, 4 in. 0.D., 0.25-in. wzll with
0.125-in. holes in diamond pattern, punched
and pfugged; holes, 0.5 in. apart in row, rows
0.5 in. apart.

2. Cylinder, 3.5 in. LD., with linearly
tapered steps cnt on outside, steps 0.5 in.
long.

3. Cylinder 4 in. O.D., 0.25-in. wall, with
left-hand and right-hand helical grooves cut at
45 deg to axis and spaced 0.5 in. apart.
Groove profile V-shaped, with included angie
of 60 deg. )

4. Cylinder, 4 in. J3.D., 0.25-in. wall with
hexagonal pattern impressed by shearing.

Fach c¢vlinder was .pproxismately 12 in.
long and eacit provided with brass endplates
ty increase the confinenient of the explosios.
In tests with these cylinders, only the hexa-

3-22

gonal sheared pattern provided an excellent
degree of fragmentation control,

3-7.5.5 Multiple Walls

The multiple-wall projectile is made by
using close-fitted cylinders, each with thick-
ness t/n where ¢t is the thickness of a one-wall
projectile and n is the number of walls.
Muitiple-wall projectiles do not give complete
control since only the thickness of the frag-
ments is uniform. The number of fragments is
approximatelv n times the number of frag-
ments of a single-wall projectile. The partial
control achieved, however, is an improve-
ment, because the average fragment mass is
reduced and the number of fragments emitted
is increased. However, the increase in lethality
is much less than expected.

3.7.5.6 Metallurgically Modifiad Matarial

Another method of fragmentation control
is to employ a type of iron, or an alloy, which
will fragment in a desirable fashion. For
example, pearlite malleable cast iron provides
excellent lethality but its use is limited to low
setback items. Extrapolating from the cast
iron properties, a number of forgeable steel
alloys have been developed which yield in-
creassd [cihality solely as a result of their
composition.
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SECTION IV

CTHER TYPES OF WARHEADS

38 HEPWARHEAD
3-8.1 INTRODUCTION

The HEP warhead is used to defeat armor-
protected vehicles. The operational mode of
the HEP projectile is based on the fact that,
when a “sufficient” quantity of explosive, of
sufficient height for a given shape of explo-
sive, is placed in intimate coniact with armor
plate and detonated, a rupture of a portion of
the opposite face of the plate will occur. The
ruptured portion of the armor plate is known
as a spali and is generally in the form of a
rough disk. Dependent upen the quantity of
explosive above that needed to cause the
rupture, the spall may attain velocities be-
tween 100 and 1000 fps. The mass and
velocity of the spail depends upon the quality
and thickness of the armor, and the mass type
and shape of the explosive filler.

In general, HEP warheads are designed to
defeat standard tank armor 1.2 calibers in
thickness at angles of obliquity of 0 to 60
deg. When considering weights alone, the HEP
projectile far surpasses the armor-piercing
projectiles in destructive power. Besides de-
pending upon the armor thickness, the effec-
tiveness of solid armor-piercing type projec-
tiles is also highly dependent upon the angle
of obliquity (the angle at which it impacts the
armor) and therefore must be designed to
penetrate a thickness greater than the actual
thickness. Since the HEP projectile shock
wave is transmitted normal to the armor
surface, the spall effect can be accomplished
on thicker plates than with a comparable
caliber, solid armor-piercing type projectile.

38.2 ADVANTAGES AND DISADVAN-
TAGES

While not all the properties and character-

istics of HEP type warheads are known, the
following characteristics and trends have been
observed:

1. Advantages are:

(a) HEP warheads maks low-velccity
weapons, such as recoilless rifles, effective
antitank destroyers.

(b) While the effectivness of other anti-
tank projectiles decreases as the angle of
target obliquity increases, the effectiveness of
HEP projectiles decreases at a lower rate.

(c) HEP warheads are cheaper to manu-
facture than other types of projectiles.

(d) The accuracy of HEP warheads is
comparaklec to or better than HE projectiles
fired from the same weapon.

(e) The blast and fragmentation from
HEP projectiles provide very desirable second-
ary effects against primary targets (armored
vehicles).

(f) HEP warheads are eft-n’ive in
neutralizing secondary targets (:u.vti- ~utig»s,
weapons, emplacements, personne! . a-! nor-
armored vehicles).

2. Disadvantages are:

(a) HEP projectiles easily are defeated
by means of spaced or spiked armor.

(b) HEP projectiles have a low ballistic
coefficient because of their light weight and
blunt head shape.

(¢) The plastic explosive filler of HEP

warheads must be press-loaded rather than
cast, taxing limited press-loading facilities.
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38.3 THEORY OF PERFORMANCE

When a charge of explosive is detonated in
contact with a flat steel plate, the explosive
energy is tranismitted into the plate, normal to
the surface. The shock wave produced in the
steel is reflected from the rear surface of the
plate as another shock wave. The shock waves
meet at some line within the steel, and
reinforce each other, though not simply
additively, as with pure elastic stress waves. If
the charge is sufiiciently sveat (the height and
shape of the explosive in contact with the
plate being important parameters), the steel
ruptures and a spall is driven off the rear side
of the plate. This action is a result of a
complex interaction of the reinforcement of
shock waves and the elastic stress waves.

The squashed charge of the HEP warhead is
most effective when it is in the form of a flat
cone. Since the explosive charge must adhere
closely to the surface and not break up, it
cannot be crumbly, but must have soft plastic
properties like putty which eliminates the use
of cast explosives. The spailing effect is best
produced with explosives that have a high
detonation velocity.

One of the more serious limitations of the
HEP warhead is its inability to function
satisfactorily outside a range of striking
velocities from approximately 1000 to 2000
fps. The maximum velocity limit exists be-
cause deflagration of the explosive filler oc-
curs when HEP warheads are fired at veloci-
ties much above 2000 fps against armor plate
with O-deg obliquity. The minimum velocity
limit exists because the functioning time of
existing fuzes and projectile crush-up on the
target are not properly coordinated at Iow
velocities. This problem is compounded at
low angles of obliquity because the projectile
tends to skid-off the target oefore function-
ing. The minimum velocity limitation is a
serious handicap in the develnpment of HEP
projectiles for some recoilless weapon sys-
tems.

The fuzing requirments for HEP warheads
are that they shouid have sufficient delay
time in fuze functioning to allow for proper
projectile deformation. At high angles of
obliquity, the delay is shorter than for low
angles.

In the design of HEP warheads, i* has been
found that variations in nose material, nose
shape, nose length, nose hardness, and nose
thickness can have a marked effect on HEP
projectiles performance. Because the explo-
sive shupe at time of detonation is very
important in cai sing a spall, it was thought
that a softer nost like annealed copper would
be more suitable; but in actual tests, an
annealed steel nose gave better results. Also,
tests have shown that the blunt ogival nos¢, in
addition to giving better explosive effects,
also has better ballistic characteristics. In
addition to having an ogival shape, it is
preferable to have a long nose that wili
provide a greater contzact area upon impact.
Existing test data also have indicated that a
thin nose gives better results than a thick
nose.

38.4 GENERAL CONCLUSIONS

The following general conclusions have
been drawn from testing HEP warheads:

i. If the charge weight is held constant,
the weight of the spall displaced by cylindri-
cal charges will increase as the charge
diameter is increased, up to the point where
the charge will have less than the minimum
thickness required to displace spalls.

2. The area of a displaced spall is usually
slightly greater than the area of the charge in
contact with the plate.

3. Expiosive charges in the shape of a
conic frustum ave more effective than an
equal weight of explosive in cylindrical shape.

4. The most effective shape of a charge is a
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frustum of a right circular cone. An obligue
circular cone is not as effective.

5. Tough, ductile armor is spalled less
readily than higher strength, more brittle
armor. As the ductility of armor decreases,
the extent of spalling and cracking of the
parent metal increases. The difference in
performance of armor of two degrees of
toughness will be the greatest at lower tem-
peratures. Weight and velocity of spall frag-
ments increase with increasing brittleness of
rolled homogeneous armor.

6. The spalling and cracking of rolled
homogeneous armor increases as the tempera-
ture decreases.

39 OTHER TYPES OF WARHEADS

Other types of warheads which find use in
recoilless rifle weapon systems are antiperson-
nel (APERS), incendiary, white phosphorus
(WP), smoke, and chemical types.

The APERS or canister type warhead con-
sists of a nonexplosive thin-walled shell
loaded with a large number of smail pre-
formed missiles. The projectile is designed in
such a manner that it breaks up under the
action of centrifugal forces as it leaves the
weapon muzzle, scattering the missiles in a
cone-shaped pattern in front of the rifle in
order to obtain a short-range lethal effect on
personnel.

‘The incendiary type warhead contains a

AMCP 708238

projectile filler that will produce a high
enough temperature to ignite any flammable
material in the target cr incapacitate person-
nel.

The WP type warhead is designed with a
projectile that is very similar to that of the
same size HE projectile. The projectile con-
tains a filler of white phosphorus that
pioduces ¢ white cloud . hen dispersed from
the projectile by a high explosive contained in
a metal burster tube in the center of the
proje ‘tde.

The smoke type warhead is again similar in
configuration to the HE type projectile. The
projectiie contains steel canisters filled with a
colored smoke composition that is ignited by
quick-match in a flash tube which is in tum
fired by a black powder initiator from the
fuze. When the projectile functions, an
ejection charge ejects the steel canisters and
the burning dye composition is spread on the
ground.

The chemical filled washeads are very
similar in design to the WP type except that
more rigid fits and tolerances are required to
seal against the premature leakage of the
contents. The design of the liquid-filled
projectilc burster casing is similar to the
burster casing used in the WP projectile
except that it is slightly larger to prevent the
burster from whipping around inside the
projectile. Sufficient charge is provided to
open the projectile and disseminate the liquid,
which is cither in the form of a persistent or a
nonpersistent gas.
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40 LIST OF SYMBOLS

A

cG

C.g

[}

Siacci altitude function for
fixed-fin projectiles, dimen-
sionless

speed of sound in air at
normal atmosphere condi-
tions = 1120.27 {ps

ballistic coefficient, Ib-in72

drag coefficient, dimension-
less

wave drag coefficient, di-
mensionfess

drag coefficient at zero
yaw, dimensionless

drag coefficient of a known
pivjectile design, dimen-
sionless

9 _ f ch f
m rate of change o

Cp with &?, rad™?

distance from projectile
base to center of gravity, cal

center of gravity
aerodynamic force coeffi-

cient associated with lift
force, dimensionless

lift coefficient, rad™!

G(u)

AMCP 708-238

static moment coefficient,
rad™!

magnus moment coefficient,
rad™

damping moment coeffi-
cient, rad™?

aerodyramic force coeffi-
cient associated with nor-
mal force, dimensionless
aerodynamic force coeffi-
cient associated with mag-
nus force, dimensionless

magnus force coefficient,
rad™?

normal force coefficient.
rad™!

center of pressure

distance from projectile
base to center of pressure,
cal

drag force, Ib

maximum body diameter of
projectile, ft

drag function Ib<(in?-sec)!

acceleration due to gravity,
ft-sec?
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dimensionless
= altitude Siacci equatic:
in74-ft1b™?

]

]

Siacci inclination function
for fixed-fin projectiles, di-
mensionless

axial moment of inertia,
slug-ft?

transverse moment of iner-
tia, slug-ft?

(-1)¥?; in complex nota-
tion indicates rotation by
90 deg

form factor, dimensionless

axial radius of gyration, cal

transverse radius of gyra-
tion, cal

lift force, Ib

Mach number, dimension-
less

total moment about a hori-
zontal axis through projec-
tile c.g., ft-lb

projectile mass, slug

normal force, Ib

magnus force, b

roll (spin) rate, rad-sec™

space  Siacci
in?-ft-1b™!

equation,

Pe

by

d1

Sq

sdo

equilibrium roll rate,
rad-sec™!

resonance
rad-sec?

roll rate,

dynamic pressure, psf

inclination, Siacci equation,
in2-1v™}

range, yd

retardation of projectile,

sec”?
projectile frontal area, ft?

Siacci space function for
fixed-fin projectiles, dimen-
sionless

dynamic stability factor,
dimensionless

dynamic stability factor for
Amax <0, dimensionless

gyroscopic stability factor,
dimensionless

C
de Mpa
2m La i3
Siacci time function func-
tion for fixed-fin projec-
tiles, dimensionless

time, sec

Siacci time equation,
in? sec-b™!

time of flight, sec
upper limit of integration

for a specific projectile
type, Siacci equation, fps
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argument of Siacci func-

tions: component along the
line of departure of the
velocity relative to air, fps

projectile speed relative to
an inertial coordinate sys-
tem, fps

muzzle velocity, fps

terminal velocity, fps

horizontal component of
velocity, fps

projectile weight, 1b

displacement along x-axis,
ft

velocity along x-axis, fps

d?x
=, ft-sec?
de?

* displacement along z-axis, ft

velocity along z-uxis, fps
d*z

-, ft-sec™?

dr?

angle of yaw, vertical com-
ponent, rad

yawing velocity about hori-
zontal axis, rad-sec™?

angle of yaw, horizontal
component, rad

Poid? W, £t
total angle of yaw, rad

initial yawing velocity, rad-
sec™!
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= yaw angle of repose, rad

half angle of nose cone, deg

nutational damping expo-
nent, dimensionless

precessional damping expo-
nent, dimensionless

static moment factor,
(ft-lbyrad!

= aerodynamic jump angle,

rad

angle between horizontal
(x-axis) and velocity vector,
rad

air density, slug-ft™3

air dansity, 1b-ft™3

angle of elevation, mil
angular velocity about hori-

zontal axis when &= 0

s

SUBSCRIPTS

body

dummy index (to be re-
placed by a sequence of
specific indices when the
subscripted quantity is to
be used in a computation)

muzzie condition

initial coundition or zero
vaw value

tail or terminal
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SECTION |

INTRODUCTION

4-1 SCOPE

Exterior ballistics describes the motion of
the projectile from muzzle exit to point of
impact. The complete theory of exierior
ballistics includes only those effects that are
of primary interest in the design of recoilless
rifle ammunition, i.e., rounds normally of
caliber 57 to 120 mm in size that are
launched at muzzle velocities up to approxi-
mately 2000 fps.

There are two major considerations in the
exterior ballistic design of an .accurate
projectile: (1) the prujectile must be stable in
flight, i.e., the projectile must be designed to
prevent tumbling and limit yaw (o small
angles, and (2) given the initial conditions, the
trajectory of the projectile must be deter-
mined.

These two considerations, stability and
trajectory calculations, comprise the major
portion of this chapter. These subjects will be
supplemented by a discussion of aerodynamic
coefficients and other basic material.

4-2 WEAPON SYSTEM INTERACTION

Exterior ballistic factors directly influence
the accuracy of the weapon system. To
fllustrate, the accuracy of a conceptual
projectile having a perfectly flat trajectory
and zerc time of flight is limited only by the
accuracy of the sighting device. However, as
the time of flight increases, crosswinds and
other meteorological effects interact signifi-
cantly with the projeciile; and, further, as the
trajectory is elevated, range estimation ervors
are introduced. In order to minimize these
errors, the exterior bailistician is concemed

with the projectile weight and mass distribu-
tion, shape, znd muzzle velocity.

4-3 QUALITATIVE DESCRIPTION

The final result of exterior ballistic
calculations is a frajectory describing the
position of the projectile center of mass as a
function of time when fired with a given
muzzle velocity and superelevation angle—the
angle between the gun axis and the line of
sight to .the target. Calculation of the
trajectory is a routine computer operation,
provided projectile drag is known. The
FORTRAN particle trajectory program pre-
sented in Ref. 1 is an example of such a
computer program. However, before making
trajectory calculations, the projectile must be
stabilized to assure that it will not tumble or
yaw excessively during flight. There are two
methods of aerodynamic stabilization: (1)
gyroscopic stabilization, i.e.,, spinning the
projectile, and (2) fin stabilization. The mass
distribution determining the location of the
center of gravity and the shape deterinining
the location of the center of pressure are
critical in both of these methods.

The theory is well established and stability
and trajectory calculations can be made,
provided the forces acting on the projectile
are known. These forces are expressed in
te. ms of aerodynamic coefficients which are
discussed in Section Ii.

In brief, the projectile is stabilized by
adjustment of the mass distribution (location
of center of gravity), by adjustment of the
vxternal shape (lccation of center of pres-
sure), and in some cases, by the spin rate of
the projectile. The designer then minimizes
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drag to obtain the “flattest” and shortest tional area) of the projectile, subject to
time-of-flight trajectory. Optimization also constraints on the overall cartridge weight,
involves maximizing both the muzzle velocity recoil momentum, peak pressure, cartridge
and sectional density (mass per unit cross-sec- profile, and charge-to-mass ratio.
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SECTION i

AERODYNAMIC FORCES AND MOMENTS

4-4 GENERAL
The aerodynamic forces on a projectile are

determined by the pressure distribution
existing over the entire projectile exterior. In
order to simplify their measurement and
mathematical use, the distributed aerody-
namic forces are grouped into a specified set
of resultant forces. The set of (resultant)
forces and moments which have a significant
effect on the projectile motion is composed
of

1. Normal foice

2. Lift

3. Drag

4. Magnus force

5. Static moment

6. Damping moment

7. Magnus moment

8. Roll damping moment.
45 AERODYNAMIC FORCES

45.1 NORMAL, LIFT, AND DRAG
FORCES

The resultant of the pressure forces on a
symmetrical nonspinning projectile lies in the
plane containing the tangent to the trajectory
and the longitudinal axis of the projertile,
called the “yaw plane”; the point on the

progectile axis through which this resultant
passes is called the center of pressure of the
lift or normal force, since the resultant may
be resolved either into lift and drag
componenys, or into norinal force and axial
drag. Lift is parailel to the y, z-plane, drag is
parallel to the x-axis; normal force is
perpendicular ‘o, and axial drag is in line
with, the axis of the projectile. Each possible
pair of components lies, of course, in the yaw
plane (Ref. 1). Definition of axis is as given in
Fig. 4-1.

4-5.2 MAGNUS FORCE

When a projectile is spinning about its
longitudinal axis, the pressure distribution
over its surtace is altered so that the resultant
force no longer lies in the plane of yaw. This
is resolved by introducing a force component
normal to the yaw plane, together with its
associated moment. This force, called the
“magnus force”, is also perpendicular to the
longitudinal axis of the projectile, and passes

through its own center of pressure. Vector'

subtraction of the magnus force from the
total force on the projectile leaves a force in
the yaw plane, which can be resolved into lift
and drag (Ref. 1).

4-6 AERODYNAMIC MOMENTS
4-6.1 STATIC MOMENT

The static moment is the product of the
normal force and the distance between its c.p.
and the c.g. of the projectile, which is
considered positive when the c.p. is forward
of the c.g. as it practically always is for
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Projectile Axis

/

Trajectory

Figure 4-1. Cocordinate System

spin-stabilized projectiles. The axis of this
moment is a transverse axis through the c.g.,
normal to the yaw plane. Fin-stabilized projec-
tiles have the c.p. aft of the c.g., so that the
static moment opposes an increase in yaw (in
normal flight), and can be called a “restoring
moment” (Ref. 1).

4-6.2 DAMPING MOMENT

Yaw varies continuously ihroughout the
projectile flight, and, as this angle is changing,
the projectile swings about its c.g. This action
changes the pressure discribution on the
projectile so as to produce a coupie about an
axis through the c.g. normal to the plane of
the yawing velocity (which is not necessarily
the plane of yaw). This couple is called the
“damping moment” and usually opposes the
yawing velocity (Ref. 1).

4.6.3 MAGM 'S MOMENT

The magnus force produces a moment

4-8

about an axis through the c.g., parallel to the
normal force. This magnus moment changes
the yawing velocity in a manner depending on
the location of the c.p. of the magnus force
and its direction. Because the magnus force
and moment result from the projectile spin,
they are absent on a nonrotating projectile.
However, the complete absence of magnus
effects on fin-stabilized projectiles generally
cannot be stated since fin-stabilized projec-
tiles often are given a slow stabilizing spin.

4-6.4 ROLL DAMPING MOMENT

As defined in Ref. 1, the roll damping
moment is a couple about the longitudinal
axis of the projectile and, for a spinning body,
is related to the friction between projectile
and air. Fins produce larger roll damping
moments owing to the angle of attack
produced by the spin.
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4-7 FORCE AND MOMENT COEFFICIENTS

Aerodynamic forces and the static moment
have been found to be proportional to the
projectile dimensions, to the dynamic pres-
sure of the air, and to the projectile yaw. In
addition, the three moments arising from
projectile rotation arc also proportional to
their appropriate angular velocities. The
factors of proportionality which relate these
quantities are known as “aerodynamic coeffi-
cients”. These coefficients are not constant
for a given projectile, but are functions of
Mach number, Reynolds numbez, spin rate,
and yaw as described in pars. 4-7.1 and 4-7.2.

4791 AERQUYNAMIC FORCE COEFFI-
CIENTS

The most significant of the aerodynamic
force coefticients are defined as follows:

Cy=N/@S (4-1)
Cp =L/(gS) 4-2)
" Cp = D/(gS) (4-3)
CN’ = —-M;d— (4—4)
(%)
1’4
wilcre
Cy = aerodynatnic force coefficient
associated with the normal force,
dimensionless
Cy = aerodynamic force coefficient
associated with the dit force,
dimensionless
C, = drag coefficient, dim~nsionless
Cy = aerodynamic force coefficient
P 2ssociated with riagaus force,
dimensivilcss

AMCP 706-236

q = dynamic pressure, pV? /2, psf
(4-5)

S = nd?/4, frontal area of the projec-
tile (4-6)

N = normal force, Ib

L = lift, Ib

D = drag, Ib

Np = magnus force, Ib

P = air density, slug-ft™?

V = speed of projectile relative to air,
fps

? = roll rate, rad-sec™?

d = maximum body diameter of

projectile, ft

The coefficients defined in Eqs. 4-1
through 4-4 are expected to be functions of
the yaw angle a, measured in radians. For
small yaw angles (o« < 0.17 rad), all of the
aerodynamic force coefficients can be as-
sumed to vary linearly with yaw. This
assumption leads to the use of a curve of
coefficient vs yaw angle as a more convenient
description of the characteristics of the

projectile. Egs. 4-1, 4-2, and 44 then can be -

written in the following form:

- [4Cn -
N = ('EF-)(ISQ = CNaan, 1b (4-7)

/4c
L = \70_’5) gSa =Cp_gSo, b (4-8)

dC ay, pd
g ol

{4-9)
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where
dc,
Cy = —2 = normal force coeffi-
N do cient, rad™*
dc
¢, = —% =lift coefficient, rad™
o da
C¥po = chE = magnus force coeffi-
P doe cient, rad™

R
H

yaw angle, rad

For the sake of simplicity, the syinboi a has
been used for the yaw angle. As indicated in
the notation of Ref. 1, a is the component of
the yaw angle in the vertical direction; the
component in the horizontal direction given
as f, and the total yaw angle § given by

§=8+ia (4-10)

- where i =4/=1, the unit vector in the complex

plane. Orientation of the yaw is then
Tan? (¢/B). The aerodynamic coefficients can
be defined in terms of a because of the
rotational symmetry of the projectile, and
their values derived from measurements made
on a model that is given a yaw in one place,
identified as the a-plane.

As indicated earlier in this paragraph, the
drag coefficient C;, does not vary linearly
with yaw, It has been found that drag D varies
with the square of the yaw, so that

D= (C,,o + CDq,az) qs (4-11)
where
Cp = drag coefficient at zero yaw,

dimensionless

rate of change of C, with o2,
rad™?

S
"

4-7.2 MOMENT COEFFICIENTS AND MO-
MENTS

The moments produced by the aerody-
naniic forces are referred to the center of
gravity of the projectile except as indicated
herein. It the terminology of this handbook,
the moment coefficicnts are derivatives with
respect to yaw, or with respect to the
appropriate angular velocities. The moment
coefficients of primary importance are:

1. Static Moment Coefficient Cp,
. 9Cu 1
C‘“ R -E-a— » rad™ (4-12)
2. Damping Moment Coefficient
n, tCy,
w [+

1 M, oM

= + - 2
Cﬂu + CU& iszSd 8(9!) 8(9_4) ’
v | 4
rad! (4-13)
wheye
&« = yawing velocity about the horizon-

tal axis, rad-sec !

w = angular velocity about the horizon-
tal axis when & = 0, i.e., the total
angular velocity about the horizon-
tal axis is w + o, rad sec™?

My = total moment abcut a horizontal
axis through the c.g., ft-1b

3. Magnus Moraent Coefficient Cht

B dCy {

Cuy, --ﬁl, rad” (4-14)
In coefficient form, the total moment M'),
about a horizontal axis through the projectile
is given by

\
M, = 4pVisd [c,,aa + c,,w(‘—‘"-,‘i)

+ 'c,& (%—) + C,”(?;-)B] (4-15)
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48 DETERMINATION OF AERODYNAMIC
COEFFICIENTS

The aerodynamic coefficients can be
measured by ballistic range testing or wind
tunnel testing. In the typical situation, the
recoilless rifle designer is interested in
estimating the value of the coeffiients for
preliminary system design purposes. These

TR VI AN i o S - R, I < 3
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preliminary estimates can be verified and
adjusted by actual measurements at a later
stage in the system development. The
methods of estimating the aerodynamic
coefficients are based on interpolation of
measurements on existing projectiles and on
theoretical calculations. For methods of
estimating the various aerodynamic coeffi-
cients, the reader is referred to the material
found in Ref. 1.
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SECTION til

PROJECTILE STABILITY

4-9 INTRODUCTION

Projectile stability relates to the ability of
the projectile to quickly reduce the initial
yaw to a small value and thus minimize drag
and drift. Several stability criteria must be
considered. If the projectile is neither
staticaliy nor gyroscopically stable, it will
tumble immediately after muzzle exit and be
inaccurate.

If it is dynamically unstable, the initial yaw
will increase with time and the projectile will
eventually tumble. In this section, equations
are presented for evaluating the various
stability criteria of a proposed projectile
design.

The material in this section is presented in
greater detail in Ref. 1.

4-10 BASIC STABILITY CONSIDERATIONS

As stated in Section II, the aerodynamic
forces acting on a projectile can be grouped
into a specific set of resultants. These
resultants have both magnitude and direction,
and alfo a point of application on the body,
i.e., a point through which the resultant acts.
This point, called the center of pressure c.p.
of the force in question, is assumed to lie in
the longitudinal axis of the projectile, while
its position dlong the longitudinal axis
depends on the shape of the projectile, the
projectile airspeed (Mach number), axial spin
rate, and, unfortunately, sometimes on the
magnitude of the yaw (Ref. 1),

The c.p. of the lift forces is assumed to be
independent of the yaw angle. This assump-

tion is made possible by considering only
linear projectile behavior in which yaw
seldom exceeds 10 deg. Since the pr pcse of a
good design is to keep the - aw below 5 deg,
the assumption of linear projectile behavior is
validated further when this design ctiterion is
achieved. However, the c.p. of the magnus
forces will exhibit appreciable movement
when the yaw angle changes as much as 10
deg.

The position of the c.p. relative to the
projectile c.g. is an important measurement of
the projectile stability. A projectile will be
statically stable ir the c.p. is aft of the c.g.,
ie., any yaw of the projectile produces a
moment about the c.g. which tends {u return
the axis of “he projectile to the zero-yaw
position. If the c.p. is ahead of the c.g., the
normal force prcduces an overturning mo-
ment tending to increase the yaw, and the
projectile is said to be statically unstable. The
statically unstable projectile can be stabilized
by either spinning or adding fins to the
projectile. By spinning the projectile rapidly
about its own axis, tixe yaw will not grow and
the projectile is said to be gyroscopically
stable, even though it is still statically
unstable. Addition of fins to the rear part of
the projectile body moves the c.p. rearward of
the c.g. and the fin-stabilized projectile
becomes statically stable. Further aspects of
the fin- vs spin-stabilization consideration are
described in pars. 4-11 and 4-12.

4-11 SPIN STABILIZATION
4-11.1 GYROSCOPIC STABILITY

If the projectile is given sufficient spin, the

413
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yaw angle will be small even though the
projectile is statically unstable. This is
analogous to the spinning top which remains
upright only when the spin rate is sufficiently
large. The condition for stability is expressed
in terms of the gyroscopic stability factor s,
as follows:

S¢ = %:%, dimensionless (4-16)
where
I, = axial momemnt of inertia, slug-ft?
I, = transverse moment of inertia,
slug-ft?
p = axial angular velocity, rad-sec™?
4 = static moment factor, 1b-ft-rad™?

Assuming that the static moment u varies
linearly with yaw, one obtains:

pY—.

" =%pdsvzc.a. (ft-1b)-rad!  (4-17)

where
P = air density, slug-ft™3
d = maximum body diameter, ft
Vv = airspeed, fps
Cy = static moment coefficient, rad™

If s, is less than unity, the projectile will
tumble within a few hundred feet of the
muzzle. If s, is greater than one, the projectile
is gyrcccopically stable and dynamic stability
must be investigated as described in par.
4-11.3. To allow fcr variations in air density
and other factors, a value of s, of about i.3
usually is desired for the preliminary design
stages. However, since most projectiles lose
airspeed faster than spin rate, the valye of S¢
increases with {light time. Note that s,
depends on the ratio (p/¥)? and p/V depends

414

only on the rifling twist, i.e., the spin rate p
increases with muzzle velocity and p/V is
constant for a given twist. Thus, to 2 first
approximation, gyroscopic stability is inde-
pendent of muzzle velocity and depends only
on rifling twist at the muzzle.

4-11.2 YAW OF REPOSE

During the flight of a spin-stabilized
projectile, the. angle between the tangent to
the trajectory and the direction of the
longitudinal axis of the projectile quiets down
to a nearly constant yaw, called the yaw of
repose. The equilibrium condition is gener-
ated when the gravity curvature:of the
trajectory gives rise to an angle of yaw large
enough to create a precession rate that
permits the projectile axis to follow the
tangent to the trajectory. If the projectile spin
is clockwise when viewed from the rear, the
equilibrium requirement causes the projectile
to point to the right of its flight path
(right-hand yaw of repose). This yaw angle
generates a lift force that causes the projectile
to drift to the right.

An approximate expression for the right
hand yaw of repose 3, is

_ Iipg cos 6 Cupe\ P4
6,-W[1 +i(7";a— > |+ Tad

1(4-18)
where
g = acceleration due to gravity, ft-sec™?
0 = angle between the herizental and

velocity vector, rad

An analysis of the first (and most
significant) term on the right side of Eq. 4-18
helps to explain the mechanism by which a
spinning projectile “trails” as it moves along
its trajectory. Multiplying both sides of Eq.
4-18 by deCMm V2 /2 gives

4oV?sdCy 6, = I.p (3_'_‘33?;_9)(1 Foanees)
(4-19)
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The left side of Eq. 4-19 is the static
aerodynamic moment. The first teym of the
right side of Eq. 4-19 is the product of the
axial angular momentum /, p and the rate of
change of direction of the tangent to the
trajectory (g cos 8)/V. As explained in Ref. 1,
Eq. 419 now states that the aerodynamic
moment arising from the yaw of repose is just
sufficient to change the angular momentum
of the projectile at the rate required for the
axis of the projectile to remain tangent to the
trajectory (in the vertical plane the yaw is ini a
plane normal to the trajectory plane and the
static moment is at right angles to the
rotation, or precession, of the projectile axis,
which is the welt known gyroscopic behavior).

4-11.3 DYNAMIC STABILITY

A spinning projectile has a gyroscopic
motion similar to a spinning top. The spin
axis of the projectile has a precessional and
nutational damping exponent A; and a
precessional damping exponent A,. If the
associated exponent A, (7 = 1,2) is positive,
the ampiitude of motion increases with time
and the projectile eventually will tumble even
though it is statically stable. If the associated
A; is negative, the motion is damped and
reduces to zero. For dynamic stability both
A; and A, must be equal to or less than zero.
The analysis of dynamic instability is
particularly difficult since, for example, a
small dynamic instability might be tolerated
for a short time of flight. A complete analysis
of dynamic instability requires a sophisticated
computer program. However, for preliminary
design purposes, a dynamic stability factor s;
can be examined. In Ref. 1 the damping
exponents are defined as follows:

2T - H
M=-1/2)|H - —==
1 { Vi-1i/s,|’
dimensionless (4-20)
A2 = = Ay, dimensionless (4-21)
where

B=P3[c, -cp-rCu +Cu;)]

m La D t w MAY
dimensionless

AMCP 703-238

, . pSd 2
Vi --2—”-,-[0% +#:%Cu,,|» dimensionless

k, = transverse radius of gyraiion,
= [1,/{md?}*/®, dimensionless

k, = axial radius of gyration,
= {I./nd)]}/%, dimensionless

m = projectile mass, slug

Instead of simply requizing that A;and A,
be nomnpositive for stability, it is possibie to
set an upper limit on the greater of the two
exponents which must not be exceeded if the
projectile is to remain stable. This Iimit,
represented by an unsubscripted A, may be
greater than zero because some growth of
initial yaw may be tolerable, especially in
short flights (Ref. 1).

With the use of A, the dynamic stability
factor s; can be defined (Ref. 1) by

_ 2T +2) .
Se="gron ' dimensionless (4-22)
In practice A is often set equal to zero, and
the stability factor for A, ,, < O, Sa,,
becomes
2T 2(Cy, + k;’C,N)
S¢ = < =7
[+ H CL —Cp—kt C” +C”o
* ( 3(4-23)

In Ref. 1, it is shown that stable values of s,
are related to wvalues of the gyroscopic
stability factor s, as:

1

—-——= 84(2 - S¢) (4-24)
Sy

This relation is plotted in Fig. 4-2 which
shows the span of acceptable values of s; as 4
function of llsx.

4-11.4 AERODYNAMIC JUMP OF SPIN-
STABILIZED PROJECTILE®

Ideally, the path of the projectile at muzzie

exit coincides with the bore-sight of the gun.
In practice, the projectile path deviates from

415

o PR AP Y

L e kiaa

oo Tt AL e

[EPRAPTSIP LRSI T o9 SRt tOn=— ST A Ve v S Y




v rper - e FERR——— . i o e 2 » o

(1 1o4) Ps sa %1 yo ydesn z4 amby

e

i
L P 103084 ANIqeIS OTWeuiq
t
_ 0z 8°1T 9°T ¥°T 2°TL ¢'l 8°0 9°C ¥'0 2°0 ¢
3 b
3 5
6 3
S . 3
2y 1% 0~
AUWIS Bg = Mu.m. (0 > T 0 w
1 Arqess o
o13elg 7j270~ .mu
Ariqelg otweuiqg S
1 10 uolbay 70 3
!
bs 4. o
A / \ (o< =) 20 @
; 1 o
b Ariqeisu g
; (1 >2) Amqes nramsur v°0 =
1 ones -
: o1doosoidn <
o
N . / Too 8
N / :
-
N L7 (0 vav 1870 &
0 - \\\ Anpqesur |
(z< ¥'9) wuawcy KIF{IqeIsu] ofweakg jJo uoibay snubely 01
8 surduweg Yeom
3
™~ Um
(1< m.v Anniqeisu IqeIs sSsI] sygeig sso]
o1doosoiin PO Iseq 9pON MOIS
s
, - .




wnperaoriept

R Gl Y SR YR AR YT 42

p oM

the gun bore-sight due to gravity, wind, drift,
and aerodynamic jump. Asrodynamic jump is
defined as the deviation angle that remains
after the effects of gravity, wind, and drift
have been eliminated. It includes such effects
as balloting, poor obituration, iaction of the
gun tube, projectile asymmetries, and the
effects of muzzle blast. The angle of jump
6;—to a close approximation—is given in
complex form by

Cr ad 2 2
0) = o by ~ kip8) , rad 4-25)
o [
where
V, = projectile velacity, fps ] measured
. at the
8, = yawingvelocity,radsec! § end of
the blast
P, = spin rate, rad-sec”! zone
8, = yaw,rad

Note that Eq. 4-25 describes two compo-
nents of the jump angle &; .

4-12 FIN STABILIZATICN
4121 INTRODUCTION

The usual projectile body is not statically
stable, i.e., the center of pressure is forward
of the cenier of gravity of the body. By
addition of fins rearward of the c.g., the ¢.p.
is moved rearward of the c.g and the
projectile is made statically stable. 1f, when
the fin-stabilized projectile is yawed, the
moment produced by the lift forces acting on
the fins is greater than the moment produced
by the forces acting on the body, the net
moment wili oppose the yaw and the
projectile will be statically stable. In symbolic
notation, the stability of a finstabilized
projectile is defined in terms of aerodynamic
roment coelficients as follgws:

CNG = CN“B + C,v (4'-26)

ar

T, Al e Ay g

AMCP 706-238

Cy“ = CNaB(CPa o~ CG) + CNNT(CPT - CG)
(4-27)

C
CP - CG =-Ma
Ny

(4-28)

NOTE: No subscript refers to the overall
proiectile; subscript T refers to the
tail; subacript 8 refers to body
alone; and the distances from the
projectile base to the center of
pressure and centar of gravity, CP
and CC, respectively, are measured
in calibers.

For a staiically stable projectile, CP — CG
is negative, but this quantity usually is treated
by its absolute value and referred to as the
“CP — (4 separation” in units of calibers.
Although an optimum magniiude of the CP —
CG separation is not weli-defined, certain
limits have been established. The CP - O
separation should be far enough above 0.5 cal
so that any inaccuracies in estimating Cw
and Cy  will not cause the CP - G
separation to fall below 0.5 cal. On the other
hand, CP - CG separations above 1.0 cal have
been found to increase the dispession at the
target (Ref. 1).

4-12.2 FIN TYPES

The choice of a specific fin type is a
trade-off problem involving the utilities of
projectile volume. range, accuracy, and cost.
The effects of these design criteria on the fin
type sclection and the overall effec? of
fin-stabilization on ooturation are described
briefly in this paragraph.

Fixed fins of one caliber span are easy to
make with a high dezree of uniformity: this
promotes accurary. However separation is
requited between the leading cige of the fin
and the location of the full body diameier of
the projectile in order to permit the air stream
to expand and flow over the fin surfaces to
develop the expected lift.
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Folding fins are bunched behind the
projectile when in the gun tube and then fan
out to a more than one caliber span after the
projectile has left the muzzle biast. Folding
fins can produce large CP — CG separations,
but are expensive and conducive to large
projectile asymmetry. However, they do not
reduce the projectile volume-to-length ratio
(an important drag consideration) as much as
fixed fins.

While fin-stabilization of either type results
in a larger and more expensive projectile, the
reasons for using fin- instead of spin-stabiliza-
tion are

1. Shaped charge penetration is degraded
by spin.

2. The internal structure of the projectile
may be such that it cannot be made
gyroscopically stable.

3. Projectile is fired from a smooth bore
gan,

4123 DYNAMIC STABILITY

As discussed in par. 4-10, a projectile is said
to be dynamically stable if its transient yaw
does not increase during flight. Statically
stable fin-stabilized projectiles having zero
spin are always dynamically stable. However,
a condition of zero spin almost never exists
since manufacturing tolerances permit some
slighy twist of the fins that results in a spin
producing torque. In fact. zero spin is
unidesirable, because the lift produced by the
projectile asymmetry will steer the projeciile
away from its predicted trajectory.

The effects of the projectile asymmvtry on
the trajectory can be minimized by giving the
projeciile a slow roll called a slow spin. The
desired slow roll is much smaller than the spin
rales given to spincstabilized projectiles, and
often is produced by ‘‘canting” the fins.
Computation of this equilibrium roll rate is

4-18

i

described in detail in Ref. 1. It is important to
have a good estimate of the equilibrium spin
rate. In other words, the spin rate should be
kept low enough to avoid magnus effects as
described in par. 4-12.5,

4-12.4 AERODYNAMIC JUMP OF FIN-STA.
BILIZED PRCJECTILES

The material presented on aerodynamic
jump in par. 4-11.4 applies without change to
fin-stabilized ammunition except that the
drift of a fin-stabilized projectile is kept small
by rolling the riojectile slowly. However, a
very good design is required in order for the
fin-stabilized projectile to achieve the same
low level of aevodynamic jump as that of a
spin-stabilized projectile fired in the same
gun.

Since CP - (G =~ Cy /C,  for small
angles of yaw, it is scen from E‘a 4-25 that
the aerodynamic jump angle 6, can be
reduced by increasing the Cf’
separation. If the increase in the CP — LG
separation is achieved by increasing the
moment coefficient of the tail (by greater {in
area or a longer boom), the initial yawing
velocity &, is also increased due to the
increased effectiveness of the fins in the
reversed flow or the blast zone. If the increase
in y, is greater than the increase in CP — CG
separation, the aerodynamic jump will be
increased and not decreased by the change of
CP - CG seperation.

By changing the shape of projectile body, it
is possible to move the c.p. of the normat
force rearward, This change can increase the
CP — CG separation of the whole projectile
with little or no change in the tail moment.
However, if this bedy change is made by
substituting a spike Vor the ogive, the drag will
be increased.

It is noted apzin that aerodynamic jump
has been discussed only for dynamically
stable projectiles whege b and the CP - CG
separation are of primary interest. Finstabi-
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lized projectiles that are statically stable are
also dynumically stable unless they have an
unusually high roll rate (Ref. 1).

4-12.5 MAGNUS STABILITY

As stated in Ref. 1, an unbalanced side
force can be created on a slowly rolling,
fin-stabilized projectile when the projectile is
yawed and the body blankets the leeward
fins. This force, identified as a magnus force,
and its associated moment can be as large as
the magnus force and moment acting on a
spin-stabilized projectile. If the fins are
canted, the fin lift, upon reaching an
equilibrium spin, acts in opposite ditections
on the in-board and outboard fins sections,
leading to a nonlinear magnus moment with
yaw.

In any case, the magnus moment coeffi-
cients of fin-stabilized projectiles are less
predictable than thoss of spin-stabilized
p-ojectiles. Thus, it is wise to allow as great a
margin of dynamic ctability as possible
without falling into resonance instability,
which is discussed ir: par. 4-12.6.

4-12.6 RESONANCE INSTABILITY

If either the nutational frequency or
precessional frequency is nearly equal to the
projectile spin frequency, the magnitude of
the yaw due to any projectile asymmetry can
become very large. The similarity of this
pheniomenon to a spring-mass system subject-
ed to an externa! alternating force has led to
the use of the term ‘‘rescnance instability” as
a label for this tvpe of yaw increase. The
increase in yaw, unlike the growth of the
amplitude of an ordinary spring-mass system,
is borinded not so0 much by the damping in
the system as by ils nonlinearity. The
resonant yaw of a projectile may becoime

AMC? 706-233

large enough to cause loss of range and
accuracy through large drag increases, but not
so large as to cause the projectile to tumble.
While both spin- and fin-stabilized projectiles
theoretically can experience coincidence of
spin and yaw frequencies, this phenomenon is
much more likely to occur in fin-stabilized
projectiles.

In Ref. 1, it is shown that the spin rate
whick resnits in this objectionally large yaw
angle, identified as the resonance roll rate p,,
can be estimated by

— U
by = I -1

y X

rad-sec™! (4-29)

where

u= quCMa’ static moment factor,
(ft-lb)-rad™?

Eq. 4-29 indicates that when /,, is greater than
I, which is always the case, u must be
negative for tesonance, i.e., only staticaliy
stable ( €y < 0) projectiles can exhibit

resonance insofability.

The equilibrium roll rate p, must be
designed to avoid the resonance value p,. If
the projectile has zerc spin at muzzle exit, the
value of p, should be made sufficiently high
so that the spin rate will quickly pass through
the value p,. A ratic of three for p,/p, is
considered desirable. It also is recommended
that the obturator (see Chapter 11, par.
11-12) be designed to produce a spin rate at
the muzzle exit greater than p, and thus avoid
passing through the resonance spin rate in
flignt. This avoids the phenomenon of “roll
lock-in” in which the spin rate “locks in” at
the resonant frequency rather than increasing
to the designed equilibrium spin rate.
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SECTION IV

AERODYNAMIC DRAG

4-13 GENERAL

The drag force D was given by Eq. 4-3 as
D =4CpS, b (4-30)

where Cp is the drag coefficient which from
Eq. 4-11 is a function of yaw angle, i.e.,

CD = CDo + CDUZ (4-31)

The material on aerodynamic drag con-
tained in Section IV is confined to the drag of
a projectile flying at zero yaw. The drag
coefficient at zero yaw Cp_, in this situation,
can be called the axial drag coefficient. For a
well behaved projectile, the initial yaw damps
rapidly to a small value, so that by far the
most important term of Cp in Eq. 4-31 is
Cp, - The minimization of Cp ~consistent
wxﬁx internal volume requxrements is, tuere-
fore, of primary importance in the projectile
design. A decrease in CD permits the same
accuracy with a lower muzzle velocity and a
resuitant reduction in weapon system weight.

The axial drag at zero yaw can be divided
into three components:

1. Wave Drag: the component associated
with the formation of shock waves.

2. Friction Drag: the drag due to the
flow of air over the projectile body.

5. Base Drag: the component resulting
from the reduced air pressure on the base of
the projectile.

Each of the drag components depends

strikingly on the Mach number region, which
for recoilless weapon projectiles is broken
down into the following approximate ranges
that will vary slightly according to the specific
projectile shape:

1. Subsonic Range: M <0.8

2. Transonic Range: 0.8<M < 1.1
3. Supersonic Range: 1 <M <5

It is not practical to determine the drag
coefficient as a function of Mach number for
each projectile design. Instead, the drag
coefficient of a projectile shape that differs
slightly from a typical projectile design is
assumed to be proportional to the drag
coefficient of the typical projectile (Ref. 2).
If Cp, is the drag coefficient of a known
projectile design, the form factor i, of a
projeciile whose drag coefficient is Cp is
given by

i = CD/CD‘ , dimensionless (4-32)
The ballistic coefficient C of the projectile

relative to the known drag coefficient is
defined as

C = W/{144id?), 1b-in? {4-33)
where

W = projectile weight, Ib

d = maximum projectile diameter, ft
Values of the form factor i; and b llistic

coefficient C, are given in Table 4-1 for
existing recoilless ammunition.

4-2]
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TABLE 4-1

RECOILLESS AMMUNITION CHARACTERISTICS (Ref. 11)

e e A R OLTT PRI,

Ballistic
Projectile Effoctlu. Projectile Initial  Coeffi- Form
Dismetwr, Range, Waight, Velocity, cient Factor
Rifle in. yd Ammunition Ib fpe c i
67 mm M18 2.244 600 M306A1 HE 273 1200 0.608 0.90 ‘-:
M307 HEAT 2.74 1200 0.52 1.06 ;
3
76 mm M20 2.953 1000 M309 HE 14.40 990 1.473 1.12 5
M310 HEAT 13.10 1000 1.781 0.84 6 M
90 mm M67 3543 500 M371 HEAT 7.0 800 0.429 1.3 1 :
9
1056 mm M27 4.134 1000 M323 HE 324 1120 2.23 0.85 5 P
M324 HEAT 29.3 1250 1.34 1.28 5
106 mm M40 4,173 1200 M344 HEAT 17.6 1650 1 1 M344

*See per. 4-20.3.2

In terms of the known drag, and ballistic
coefficients (Eqs. 4-32 and 4-33), the
expression for the aerodynamic drag D in Eq.
4-30 becomes

m\ gWC
D--(—)q % b

4/ 144C’ (4-34)

4-14 SUBSONIC VELOCITIES

For subsonic Mach numbers, the drag
coefficient is roughly constant. In this region,
the “teardrop” is a good aerodynamic shape,
i.e., the projectile should have a rounded nose
and a small base diameter. Blunting the nose
of projectile (short of a completely flat face)
has little effect on overall drag in the subsonic
range, but has the important effect of
reducing the critical Mach number.

Base drag is the result of a pressure
deficiency over the projectile base more

4-22

commonly evident in the substatic (less than
atmospheric) pressure existing in the wake of
a train or automobile. Base drag is reduced by
“boattailing” or tapering the rear of the
projectile to reduce the base area. However,
only a limited amount of tapering can be
tolerated since boattailing reduces the lift
coefficient and moves the c.p. of the normal 3
force forward, thus reducing the stability of
the projectile. Large boattail angles (greater
than 16 deg) without a rounded transition
from the cylindrical body also can cause air
flow separation at the base-body junction,
canceling all of the drag reduction achieved
by boattailing.

ARG R xS 1 AP e e R -

s
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Interruptions in the smooth contour of the
projectile may cause an increase in the
friction drag. By proper orientation or
elimination of such surface irregularities as
slots, shallow holes, or protuberances, it is
possible to minimize the friction drag.

Lty




4-16 TRANSONIC

The transonic range is characterized by the
formation of shcck waves and a sharp increase
in drag due to & rapidly increasing drag
coefficient. The greatest part of the drag
increase in the transonic range is attributed to
the presence of the shock waves and is called
the wave drag. Wave drag is affected by
abrupt changes in the projectile shape, such as
the rotating band and undercuts on the body,
because the local Mach nuraber varies from
point to point along the projectile surface
depending upon the projectile shape. In the
transonic range, base drag peaks at M= 1.0
and friction drag increases and becomes
relatively small as CDo increases. Since rapid
and sometimes unpredicted changes in the
acrodynamic coefficients can occur in the
transonic range, the designer attempts to
minimize the flight time in this region.

4-18 SUPERSONIC

After the shock wave system is fully
developed {between Mach 1.1 and 1.2) the
drag decreases and is largely determined by
the shape of the nose. By the Taylor-Macoll
equation:

Cp, = [0.0016 + (0. 002/M%)]el?

dimensionless (4-35)
where

Cp y = wave drag coefficient, dimension-

less
€ = half angle of nos= cone, deg
M = Mach number

While this equation is useful for estimating
the effect of nose angle, the minimum drag
actually is obtained by using an ogive of large
radius.

AMCP 706-238

Boattailing reduces the drag at supersonic
Yvelocities provided the airflow does not
sepatate from the body. Thus, the boattail
angle usually is limited to about 8 deg and
one caliber in length. Beyond these critical
characteristics, the flow will separate from the
projectile forward of the base, resulting in a
Cp, that is greater than the minimum
attainable.

4-17 TYPICAL VALUES OF DRAG

Fig. 4-3 shows four projectile shapes which
have been adopted as standards for compari-
son (Ref. 2). In Fig. 44, the value of the drag
coefficient Cp, is plotted vs Mach number for
the four projectile types. As seen in Fig. 4-4,
Cp remains fairly constant in the subsonic
range, increases rapidly iz. the transonic range,
and then decreases in the supersonic range.

In general, it is assumed that projectiles
having the same shape and c.g. location will
have the same set of acrodynamic coefficients
when fired at the same Mach number. It then
is possible to make use of such data as
contzined in Figs. 4-3 and 44 in evaluating a
new projectile design. However, there are a
few outstanding exceptions to this rule.

It has been found that stability can be
improved by replacing the ogive nose of the
projectile with a slender cylinder or “spike”
protruding from the flat forward face of the
body. During firing tests, it was found that
the spiked projectile exhibited essentially two
different drag coefficients that were deter-
mined according to the position at which the
flow separated from the spike. This phenome-
non was called dual flow. In order to avoid
the condition of dual flow, with its serious
effects on accuracy, a tripper ring is added
near the tip of the spike to insure the early
separation of the flow. Since the spiked-nose
projectile does increase drag, it is not
commonly used in recoilless rifle projectiles.
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Figure 4-3. Projectile Shapes (Ref. 2)
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SECTION V

PARTICLE TRAJECTORY CALCULATIONS

4-18 TRAJECTORY PROBLEM

A detailed tragjectory calculation uses six
coordinates to describe the motion of the
projectile. Three coordinates determine the
position of the projectile center of gravity,
two angular coordinates determine the projec-
tile yaw angle, and a third angular coordinate
describes the roll or spin. This type of
trajectory calculation normally is made on a
digital computer (see Ref. 1) and will not be
considered in this discussion.

For the purpose of initial design calcula-
tions of a proposed recailless rifle weapon
systemn, a two-degree-of-freedom trajectory
calculation provides sufficient information.
Thus, the trajectory calculations to be
described in this section assume the projectile
yaw angie to be zero and the trajectory to lie
in the xz-plane. The deviation from the
xz-plane is a separate calculation based on the
effect of crosswind and drift for the
calculated time of flight.

The trajectory probiem consists of integrat-
ing the equations of motion of the projectile
given an initial velocity vector, the vertical
force of gravity, and an aerodynamic drag D,
acting in a direction opposite to the velocity
vector. (The determination of the numerical
value of D is performed according to Eq.
4-34.) For the typical short time-of-flight,
flat, recoilless weapon trajectory, the effects
of variation of air density with altitude,
Coriolis force, earth rotation, and similar
secondary effects can be neglected with littie
loss of accuracy.

419 TRAJECTORY EQUATIONS

Fig. 45 shows the coordinate system and
forces acting on the projectile for a
two-degree-of-freedom trajectory. Describing
the projectile motion in terms of x and z
components, the equations of motion are

mX = Dcos (4-36)
mZ =D sin 6 = mg 4-37)

subject to the initial condition

tan 0 = £,/%, {4-38)
where

6 = angle between horizontal (x-axis) and
velocity vector, rad

A dot above the coordinate indicates a
derivadve with respect to time and subscript o
denotes initial (muzzle) value.

The equations of motion cannot be readily
integrated since D is a function of Mach
number M and 6 varies with time. The usual
procedure is to use a numerical integration in
which the drag D and flight angle 6 arc
considered constant for short intervals of
time.

4-20 SOLUTIONS OF THE EQUATIONS

Until the adoption of high speed digital
computers, trajectory calculations were per-
formed exclusively by approximate methods
which employed average or effective values of

427
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Figure 4-5. Coordinate System for Trajectory Caiculations

the drag coefficient. Examples of these
approximate methods are the simplified
exterior ballistics techniques described in par.
4-20.1 and the Siacci method outlined in par.
4-20.3. While the approximate methods are
still used for rapid estimations of the effects
of variations in projectile shape, muzzle
velocity, and quadrant elevation on range and
time of flight, complete trajectory calcula-
tions are made on digital computers using
numerical integration techniques as described
in pa: 4-20.2. The use of digital computers
has resulted in accuracies of simulation better
than one percent, assuming that the drag
coefficient curve used averaged within 2
percent of the true Cp at all Mach numbers
traversed.

4-20.1 SEMIEMP{RICAL EQUATIONS FOR
FLAT TRAJECTORIES

Calculations of the trajectory angle of
elevation 6,, time of flight t terminal
velocity V,, and angle of descent ¢ are
necessary for the ballistic evaluation of the
weapon system, but are very time consuming
because factors such as drag and ballistic
coefficients are not readily available. In Ref.
3, a simplified method (based on the
assumption of a flat trajectory) for calculating
these parameters is presented. From experi-
mental and theoretical work which indicates
that the deceleration of a projectile is
approximately proportional to the square of
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its velocity at any particular time, Ref. 3
shows that

_exp [(BryR)/ Vil = 1

by ~ , sec  (4-39)
"
ie, 100z,
é =-—v——’ , mil {4-40)
0 n
Vin
Vt = 'i";';,:'t'; , fps {(4-41)
o = (1 +r,t)6,, mil (4-42)
where

dv, .

ry = | —=] =retardation at muzzle,
dx Jm sec™t

R = range, yd

V., = muzzle velocity, fps

<
]

x = horizontal component of velocity,
fps

and subscript m indicates muzzle condition.
The retardation and muzzle velocity are
obtained during charge establishment and
uniformity firings with the same system.

- Egs. 4-39 through 4-42 have proven to be
accurate within 3 percent for ¢, and 6, and
within 5 percent for V, in the experimental
ranges encountered in recoilless rifle systems.
In order to facilitate the use of the simplified
method, the formulas for ¢, 6,, V;, and ¢
have been incorporated into the nomogram
shown in Fig. 4-6.

The following sample operation for the use
of Fig. 4-6 is presented for the 106 mm, T170
system. Given the following data:

TRV I SPITY - < SO

AMCP 706-238
R = 1,000 yd
Vs = 0.20 sec™
v, = 1,820 fps

1. Align muzzle velocity ¥V, (1,820 fps)
with range R (1,000 ya) to determine point
on reference line 1.

2. Align the point on the reference line
1 with retardation 7, (0.20 fps/ft) to
determine a point on reference line 2.

3. Align the point on the reference line
2 with muzzle velocitv (already spotted) to
determine the desired angle of elevation ¢,
(18 mil).

Calculate the other parameters:

0.V _ 18(1820)

b =16,100 ~ 16,100 _ 2 03 8e¢
Vm
(e
1820 _ o0 e

=1 +1(0.2)(2, 03}

¢ = (1 + 7yt 6,
= {1 + (0.2)(2, 03)]18 = 25,8 mils

'4-20.2 DIGITAL COMPUTER SOLUTIONS

A digital computer program is designed to
solve the trajectory equations in the same
manner as described in the numerical
integration method of par. 420.3. An
example of this type of program is found in
the FORTRAN particle trajectory program of
Ref. 1. A table of drag coefficients vs Mach

4-29
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number is placed in the computer memory so
that the program can interpolate the value of
a drag coefficient between any two pcints
within the storsu date deck. With this diag
information, the program can compute the
position and velocity of the projectile relative
to the coordinate system ss well as pertinent
angles. With ths inciusion of oment
coefficient data in the computer memory, it
would be pussible for the program to verify
the gyroscopic and dymamic stability of the
prcjectile.

£20.3 OTHER METHODS
420.5.1 Numerical Integration

Numerical integration of Eqs. 4-36 through
4-38 is performed in the foliowing format for

use with an electronic calculator,

Given: V,,9,, and D vs Mach number
M

Calculate: x, = V, cos@,

2'.0 - Vo Si!leo
From the table of drag data, determine D
for the given V,,. Select an appropriate time
interval &¢, say C.} sec, depending on desired

accuracy. Calculate velocity components at
the end of first time increment as follows:

#1 =%, = (D, m)cos8,)At, fps (4-43)
91 = 9o = D/ m) 8in 6, +glA¢, fps (4-14)

Calculate components of position at end of
first vime incremens:

%1 = xg + 2,88 = ({(D/m) cos 01AL/2, ft
(4-45)

21 =2, + 2,88 —~ [(D/m) 8in 6 +glALY/2, ft

(4-48)

4-30

Nete: D/m is negative when z is negative

Calculate new angle 8 :
6, = Tan"}(3,/4,), rad {4-47)
Calculate new velocity:
vy = (4 + 2, tps (4-48)

Repeat process for succesding i/th incre-
ments as follows:

5:; = .;75..1 - [(Dg-g/m) cos 6;.(1A¢ l(4-49)

z'; = Z.g..t ~ [(Dy4/m) sin 041 + g1 N‘(4-50)

X = X4t +x'g.1At - [(Dg.x/m) cos 0‘_,11At2/2
(4-51)
2y = 24y + 241 O
- [D;.1/m) sin 6,4 +glAt/2(4-52)
0; = Tan(2,/x,) (4-53)
V=G + 2P (4-54)
4-20.3.0 .iacci Tables
In 1880, the Italian Col. F. Siacci
introduced the following Space, Time, Alti-
tude, and Inclination Functions to simpiify
the calculation of trajectory data for the
types 1, 2, and 8 spin-stabilized projectiles
described in par. 4-17. ‘

_[Y_au 2 .1
Space: Mt —J; G * in, *-ft-1%

(4-55)
U
Time: t = L ;—g—‘i‘-u—)-, in.%-sec-1bt
(4-56)
linati _ (78 in, 2-1p!
Inc on:qy = } .y n, “-
(4-57)
U gid
Altitude: & =J’ LY in. Soptelb?
. Glu)
(4-58)
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. / Muzzle . Reference Angle of
Velocity, Range, Lines, Retardation, Elevation, :
fps yd 1 2 fps /£t mil .
|
504- i
10, 000} o.sol 44l :
5000} "g. goof 0591 i
45004 + * i
a000L 6+000% 0.404 a0y i
T 85,0004 0,35} {
35004 4, 0004 0 30 35l .
30004 3,0004 T 30, 5
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2000} 1,5004 0.201 25 ‘g
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400+ 0.104 104
10004 5504 0,09} |
9004 5.
8004 200 0.08+ 4
700] 0.07+ 0
600 | 0,064
500 | 0.05+
)
Figure 4-6. Angle of Elevation Nomogram (Ref. 3)

where projectiles and are contained in Refs. 4, 5,
and 6. Based on the applicable drag function
u = argument of Siacci functions: com- G(u), the Siacci functions have been tabulated
ponent along the line of departure for the Air Force (Refs. 7, 8 and 9). Since ?
of the velocity relative to air (i.e., u these Siacci Tables were arranged primarily
is related to tangential velocity V for use in computing aircrait firirg tables,
by V =u cos 6, [cos 0), fps they werc often called Aircraft Tables. 3
Although the Aircraft Tables are not accurate 1
G(u) = drag function, 1b~(in?-sec)™? in computing complete trajectories, they can !
be wused to obtain trajectory data at
U = upper limit of integration for a supereievations below 15 deg according to the 1
specific projectile type, fps following formulas (see Ref. 2) when 3
variations in the air density and Mach number k
g = acceleration due to gravity, ft-sec™? are neglected. ]

Values of G() as a function of u have been
determined for the types 1, 2, and 8 x =C(p — p,)cos 6,, ft (4-59)
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ty=C —t), sec (4-60)

z=xtan 0, — C2(g — h)+ Cq, sec §,,ft
0

(4--61)

tan 6 = tan 6, — Clg, — g, ) sec 0,(4-62)

andforz=0
h—-h
sind, =C[(——= - ) (4-63
¢ (P"Po q’q )

Note: Subscript o refers to initial value
and nonsubscripted qualities corre-
spond to the desired value of u for
which the trajectory data is being
computed.

As an example, suppose it is desired to
determine the trajectory data for a type 8
projectile where the velocity is 500 fps, given
an initial (muzzle) velocity of 1300 fps. The
procedure for evaluating Eqs. 4-59 through
4-63 only involves looking up the values of p,
t, h, and g, for u = 500 fps and 1300 fps
from the Siacci Table based on the drag
function for a type 8 projectile G4 and then
solving Eqgs. 4-59 through 4-63 for these
valucs.

For fin-stabilized projectiles, the Siasci
functions are modifieu based on the drag
coefficient for the 900 mm HEAT, T108
Projectile, which has rigid fins. These
modified Siacci functions as a function of
Mach number M are:

2-7 dM
Sece: St ) 36,000
dimensionless (4-64)
2.7
_ dM
Time: Ty = . C,0n°

dimensionless (4-65)

4-32

_£E (¥ _am
Inclination: =7~ } = snE~rtss

dimensionless (4-86)
_ { IKXM)dM
Altitude: A= f __MCD(M) ’
cdimensionless {4-§7)
where

gla, = 32.154/1120.27 = 0.0287 sec™

a, = speed of sound in air
=1120.27 fps

In terme of the modified Siacci functions,
the trajectory equations are as follows (again
neglecting variations in air density and Mach
number):

x = (1/7)(Sy = 84,), tt (4-68)

_fsec @ v X
by = ( P ‘> Ty - Ty,), see (4-69)

when the subscript o associated with the
Siacci functions indicates Liitial conditions.
2 9
2 =xtan 6, — (E.““" ')(A -A)
Qo

¢ 9
+x[— 31,,, £ (4-70)
ay
sec® 6
tan § =tan 0, - [ —=)U - 1) (4-71)
agy
and forz=0
2 (A =4,
4 = —— - - 2
sin 26, = .~ [ﬁ 1,,] (4-72)
V =a,Mcos §,/cos 3 (4-173)
where

y = pli W, £t
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As an example, the following problem is M S T A L 4

( ' i

i prasented: 1.73650 3.09196 1.427502 0.02537 0.01923 ;
2.14234 1.70836 0.709983 0,00670 0.00851

1. Problem: To find the velocity, time - - - -
of flight, angle of depar- Difference: 1.38360 ©.717519 0.01867 0.01072

ture, and angle of descent

B T SN

L at a range of 1000 yd for
:rOo j;::nﬂeHEAT, T108E20 Calculating 4, and y
\ ) M, = Vyla, = 2400/1120.27 = 2.14234
§ 2. Given Data: o (&14)
‘ Projectile Caliberd = 029525 ft ¥ = pghd® W =0.07513 (1.00%0.29525)° /14.2
= ~1
| Projectile Weight W = 14.21b 0.0004612 ¢ ,,
f Substitution of the Siacci function valucs )
; Muzzie Velocity V,, = 2400 fps and the value of 4, and vy into Egs. 468 '
.\ . through 4-73 give the following results at a ;
§) Form Factor i, = 1.00 bused on Gy ¢ range of 1000 yd:
; Air Density p, = 007513 b5t Angle of
departure: 6, =982mils (Eq.472)

A onves.

Speed of Sound

;\ﬂi; in Aira, = 112027 fps Angleof fall: 6 = (1.32mils (Eq.471)
« “ ’ 1
3. Solution: Tangential
\gg ‘ velocity: V = 1945.37 fps (Eq. 4-73)

' From the Table of Siacci Functions

based on 90 m:n HEAT, T108 (Ref. 10) Time of flight: 1, = 1.389sec  (Eq. 4-69)
=

o
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CHAPTER 5
INTERIOR BALLISTICS
50 LIST OF SYMBOLS Cq = discharge coefficient of nozzle,
) dimensionless
A = bore area, in?
. G = initial propellant charge, b
A, = chamber area, in?
. C, = hypothetical charge of “ideal”
A, = nozzle exit area, in? fifle, 1b
A, = nozzle throat area, in? Cp = gpecific heat at constant pres-
) ) sure, (ft-lb)-(lb-°R)'l
A, = surface area of gun being heated,
in? C, = total weight of unburned propel-
i lant ejected, tb
. , AY = unoccupied chamber volume,
8 ve — Gilps in? e, = gpecific heat at constant volume,
ts (ft-Ib)}-(1b-°R)™
KT a = 1-AQ2U), dimensionless
) ) Co = gpecific  heat of  weapon,
3 a = constaimt 'term _1ln bumning law Btu-(Ib wcamnoF)-n
g equation, in.-seC
AP . - C, = propellant chaige burned in rifle,
o a, = peak acceleration, ft-sec ¢, =C — Gy Ib
b* ay - GV, in?-sec” D = pore diameter, in.
sy
’ a; = Vpl Y dimensionless D, = initial grain diameter, in.
{ B = effective burning rate constant, d = perforation diameter, in.
- in.-(sec-psi)?
A e = 2718281828 base of natural
e b = AMvy-1)/2, dimensionless logarithms
5
ot C = effective  propeliant  charge ey = ballistic efficiency, dimensionless
Al weight and C= G- W,, Ib
“ ‘ e. = thermodynamic efficiency , dimen-
-~ C’ = burning rate coefficivnt in lincar- sionless
Jte : ized burning law equation,
= in.{sec-y.s1)” Tc (. W8 .
>U i = o—— + —— a— Y -
\ . . o €2 Fl 4 (1 7 \w ri,fps
! C = burning rate coeffivient in non-
linear b 'wning law equation,
in.-sec! (psi)? F = propellant impetus, (ft-1b)-b™!
J’L;* 5-1
5
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F‘ = gas force, PA, 1b

F, = multiplying factor for converting
7-perforated wels to equivalent
single-perforated webs, dimen-
sionless

f = fraction of web unburnt, W/W,,
dimensionless

flu) = (L+u)A+wluj(] + 2u) A+ 2)u

fN V) = (—;—ﬂ) (%-) , dimensionless

4 = gacceleration due to gravity,
ft-sec2

8o = (1-J,) A/2, dimensioniess

£ = 1-g,T',?, dimensionless

H = Heaviside function

h = heat transfer coefficient,
Btu-(in?-sec-°Fy’!

h' = haf(k,w),sec?

h"” = hw/(kt), dimensionless

h; = heat transfer ccefficient at inner
wall, Btu-(in?-sec-"F)™!

h, = hd,, [(Ric,,W,,), round™

h, = heat transfer coefficient at outer
wall, Btu-(in?-sec-°F)™!

1 = fractional momentum unbalance
factor, dimensionless

J, = QforP, =0

K = nozzle coefficient, sec”!

K

5-2

1/3
g
F\r+

ky

M

M,
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KC,, sec™
constants in the form function,
N/C = k, + kif + kyf?, dimen-

sionless

thermal  conductivity,
Btu<(in?-sec-°F/in.y?

travel of projectile at any time,
in.

travel of projectile when propel-
lant is all-burnt, in.

travel of projectile to muzzle, in.

travel of projectile when peak
chamber pressure occurs, in.

initial length of propellant grain,
in.

weight of projectile, 1b

eifective projectile weight, 1b
M '=mg)

6,/%,,dimensionless
mass of projectile, slug
effective mass of projectile

—_ NC.
1.04 [m + (-E—SE—-)—C-'-],slug

mass of gases flowing through
nozzle, slug

weight of propellant burnt, lb

weight of propellant bumnt at
projectile start, Ib

weight of gas in rifle, Ib

weight of gas in rifle at all-burnt,
1b

T Iy

1
4
i
A

4
i
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pressure exponent in burning law
equation, dimensionless

round number, dimensionless

number of grains in gun at any
time

initial number of grains in gun

space mean pressure at any time,
psi

pressure at specific point of con-
sideration, psi

space mean pressure at time
charge is all-burnt, psi

chamber pressure, psi
exit pressure at nozzle, psi

spa. mean pressure when pro-
jectile is at muzzle, psi

starting pressure, psi
maximwuin pressure, psi
pressure at nozzle throat, psi

pressure at projectile base, psi

) () dimensi
- \C m’/ , dimensionless

]

i)

1

R 2
F —
()
heat influx input per round,
Btu<(in?-round)™

Q,w/ikr6,t,), round™

mk(—ﬁﬁi) (% - nB) , inssec.ft!

heat transferred to weapon per
round, Btu-(round)™

=3

AMCP 706-238

universal gas constant,
(ft-1b)-(1b->R)™?

rate of fire, rounds min™
W,/%,, dimensionless
gun tube radius, in.

instantaneous burning rate,
in.-sec™!

radial distance into wall for heat
transfer equations, in.

C, /(pA), in.
effective burning rate, in.-sec™

total area of the propellant
charge burning surface, in?

surface area of single-perforated
grain, in?

fraction propeliant loss, C/C,
dimensionless

space mean temperature at any
time, °R

average gas temperature during
ballistic cycie,’F

T/T,, dimensionless
air ambient temperature, °F

isochoric flame temperature of
propellant, °R

maximum temperature at inner
wall, °F

temperature of gun tube after
firing first round, °F

wall temperature of gun, °F

5-3
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) = time, sec

‘ = wi/ed, sec

U = 1— b, dimensionless

WAV AY-AY
= [=_= — 2V 2\

< GO EE)
dimensionless

vV = velocity of projectile at any time,
fps

vy = velocity of projectile at all-burnt,
fps

Vi = muzzle velocity of projectile, fps

. = velocity of gases flowing through

nozzle, fps

Vp = velocity of projectile at time of
peak chamber pressure, fps

v, = chamber volume of rifle, in?

v, = volume of all single-perforated
propellant grains, in3

v, = AL + x,) ~ (C; — N)/p = free
volume in gun, in?

W = web thickness of a burning grain,
in.

W, = weight of gun tube, 1b

W, = initial web thickness of pro-
pellant grains, in.

W, = weight of unburned propellant
ejected, 1b

W, = weapon weight, Ib

W, = web thickness of 7-perforated
grain, in.

w/L = effective propellant charge re-

gressiveness, dimensionless

o o AT, Y T o i)
aae P W e AT s o T e e L

Wg

Xp

=i

wall thickness, in.

wall thickness corresponding to
pressure at ali-burnt, in.

wall thickness cofresponding to
peak pressure, in.

effective distance of projectile to
breech such that Ax is the volume
behind the projectile, L +x,,, in.

x, + Ly, in.

effective length of chamber such
that Ax, =v,, in.

effective length of rifle such that

Ax,, is the total volume of rifle,
(e, Ax, =v, + AL, ), in.

Xy +Lp,m.

unoccupied chamber length =
X, — Cil(p4), in.

x/x}, dimensionless

C;/(pv,), dimensionless

diffusion constant, in?-sec™

ratio of heat loss to kinetic ener-

gy of the projectile, dimension-
less

ratio of specific heats,y = c,/c,,
dimensionless

pseudo ratio of specific heats, v
= +py -+l

A T [ X2 2. o
vCs K (-—;11) (—fo-) , sec

[(y — DA+1]" | dimensionless

initial solid propellant loading
density, 27.7 C/v,, g-cm™

ap PN Y-t ;L}._-gaw‘%ﬁ‘gw:’ﬁgﬁ\v-w,;\::f::.,:-;a: .
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0(n)

e’ -

0,

= (€ — a)/(] — «), dimensionless

_ TotalGun Volume

= expansion ratio, <l Notume®
dimensionless

_Q+p(y-DfA el
K F \4‘> A, sec-ft

= 12mV} (/%)

- dimensionless
vePy 03 (2-)

= covolume of propellant gases,
in3-b-!

= 1- NT,/T)!*, dimensionless

= wall temperature above amnbient,
6=T- T,or
8(n) = 0,11 — exp(—nh)}, °F

=1 — NT,/DV? up to bumt;
N, /C, after all-burnt, dimension-
less

= N'/N, dimensionless
= temperature decay at wall after

initial temperature rise, °F
6y =0, exp | —hA, 1/ (c,W,)]

equilibrium .emperature, °F

gas temperature above ambient,
degF

maximum temperature rise at in-
ner wall, °F

= 8(1) - 6(0) = @,{1 — exp
(—h,),°F

= kA,W,[(C;B), dimensionless

= piezometric efficiency, =

12(4)mV}3, [(P,AL,, ), dimension-

less

ll

TR
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= r/w, dimensionless
= Ax/(v, — C;p), dimensionless

= Ay, — C/p)/(12 G F), dimen-
sionless

= density of propellant, lb-in73
= density of gun material, 1b-in”3

= allowable tensile strength of the
material , psi

= tft,, dimensionless

C.B
- <12 FtCi <”}o >, dimensionless
vc — —
0

dimensionless time  between
rounds = 1/(t,Ry)

6/6,, dimensionless

1 — M U/2 — ¢ V, dimensionless

N/C;, dimensionless

2g; - Nb'/Cg)/(N,,'/C2), dimen-
sionless

1/¢, + 1, dimensioniess

)

= value of ¢' for V=V, (fps)~!

I

= value of ¢' for V = V,,, (fpsy*
= value of y' for ¥V =0, (fps)*
= YR+ (o122 + Wy ~ Yo ) V]

= fraction of propellant web burnt,
w =1 — [, dimensionless

= (N = N')/ N, dimensionless

5-5
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SECTION |

INTRODUCTION

5-1 SCOPE

The theory of interior ballistics provides
the bases for the calculation of pressure
within the gun and projectile velocity as
functions of projectile displacement. Those
factors which affect projectile motion in the
gun are within the scope of the subject of
interior ballistics. Many contributory factors
such as the theory of propellant burning are
the same for recoilless weapons and conven-
tional guns, and hence are covered in other
references given at the end of this chapter.

The material in this chapter provides an
understanding of the interior ballistic pro-
cesses and the relationships among interior
ballistic parameters and weapon system char-
acteristics. Approximate solutions and graphi-
cal methods are presented which allow the
designer to estimate quickly the effects of
these relationships, however, a digital com-
puter program as outlined in Section VII is
recommended for more accurate calculations.

52 QUALITATIVE DESCRIPTION OF THE
INTERIOR BALLISTIC PROBLEM

The interior ballistics of a recoilless rifle is
a complex subject, and it is helpful to obtain
a qualitative understanding of all factors that
influence the motion of the projectile before
undertaking the detailed mathematical analy-
sis. All appropriate thermodynamic constants
are space averaged.

The projectile is accelerated by the propel-
lant gas pressure acting on its base. The
instantaneous pressure in the gun is deter-
mined by the amount of propellant that has
bumed, the amount of propellant gas that has
been discharged through the nozzle, the avail-
able volume behind the projectile into which

propellant gas expands, and the temperature
of the propellant gas. The pressure is then
determincd by use of an appropriate equation

' of state.

The rate at which propellant bums is a
function of the gas pressure, the amount of
burming propellant surface, and the density of
the solid propellant. The surface area is
determined by the geometry of the propellant
grain and the number of grains or total weight
of propellant that is burning. The propellant
grain is typically cylindrical in shape and its
burning surface is controlled by the number,
distribution, and diameter of holes through
the length of the grain. The integrated propel-
lant buming rate determines the amount of
propellant burnt at any time.

The rate at which gas is discharged through
the nozzle is determined primarily by the
pressure in the rifle, the weapon, the
geometry of the nozzle, and to a lesser extent
the temperature of the propellant gas. The
configuration of the nozzle, of course, deter-
mines the recoil thrust and must be designed
to eliminate the net system recoil.

The gas temperature in the gun is a
function of the particular propellant used, the
effects of gas expansion, and heat conduction
to the gun wail.

In a later section, these processes will be
described quantitatively by means of a set of
simultaneous differential equations yielding
the gas pressure and projectile velocity as
functions of projectile displacement. The gas
pressure influences the design wall thickness
of the gun tube; the desired muzzle velocity
determines, in part, the length of gun tube.
The wall thickness and tube Iength largely
determine the system weight of a given caliber
rifle.

5-7
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The typical interior ballistic problem is the
determination of the complete set of ballistic
parameters which will lead to the optimum
gun design (usually the lightest gun) that will
provide the projectile with the specified en-
ergy.

This qualitative discussion is illustrated in
Fig. 5-1 that presents schematically an ideal-
ized recoilless rifle and an equivalent recoilless
rifle showing the interior ballistic parameters,
each consisting of a tube of cross-sectional
area A with an orifice at one end of throat
area A,. In the equivalent rifle, the initial
position of the projectile is at a distance x,,
from the throat giving a chamber volume
v, = Ax,. The instantaneous gun volume be-
hind the proiectile is Ax,

5-3 USE OF EXISTING REFERENCES ON
INTERIOR BALLISTIC THEORY

There is no convenient, closed-form solu-
tion to the set of the differential equations of
interior ballistics. Approximate solutions have

AMCP 708-238

been obtained by making appropriate simpli-
fying assumptions. There are a number of
different methods for solving the ballistic
equations, such as Corner’s or Hirschfelder’s,
which are indicated in the references. These
procedures are available, effective, and inter-
esting. However, graphical and analytical
methods of solution will be presented in
sufficient detaii to provide choices based on
required accuracy. These choices range from
simple graphs of dimensionless parameters for
quick approximate solutions to more precise
digital computer solutions of the basic differ-
ential equations.

54 DESIGN DATA FOR SEVERAL RE-
COILLESS RIFLES AND AMMUNI-
TION

A simple and useful method for predicting
the performance of a conceptual recoilless
rifle is the comparison with the performance
of a similar existing rifle of known character-
istics. The concevtual design parameters are
estimated through the application of

TABLE 5-1

BALLISTIC PARAMETERS FOR SEVERAL GUNS AND ROUNDS

Gun 57 mm M18 75 mm M20
Round M306A1 M309A1
L., in. 47.5 65.1
Pp, psi 7,600 10,000
m, slug 0.0854 0.4361
Vm, fps 1200 990
C.lb 1.00 3.309
Type Propellant* M10 M10

A, in? 3.96 7.00
A in? 2.95 4.67
Xg in. 32.8 40.9
Web, in. 0.0179 -—
Grain Single Perf —

v, in? 120 286

A A, 2,39 2,07
A/A ¢ 1.34 1.49

*See Table 11-3, Chapter 11, ""Ammunition”, for Propellant Parameters

90 mm M67 105 mm M27 106 mm M40
m371 M3z3 M344
275 106 109.8
3,700 9,260 10,280
042 1.G06 0.544
450 1120 1650
1.31 7.87 7.46
ME M10 M10
10.1 13.72 13.72
6.82 9.30 10.00
14.8 60.9 324

- 0.0336 0.035

- Multi-Perf Muiti-Perf
160 840 444
35 1.88 1.79
1.48 1.47 1.38

5-9
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similitude relationships. These methods are
discussed in the next section.

Table 5-1 presents design parameters and
performance details for a series of existing
recoiliess rifles to aid the designer of new

5-10

systems in scaling the ballistic parameters.
These data are useful also for checking the
accuracy of an analytical solution or of a
digital computer program of the ballistic
equations.
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SECTION i

EMPIRICAL AND GRAPHICAL METHODS
FOR QUICK APPROXIMATIONS

56 SOLUTIONS BASED CN EFFICIENCY
CONSIDERATIONS

55.1 INTRODUWUCTION

The methods of this section are based on
the observation that if an existing gun yields a
certain projectile muzzle energy per unit
charge, then other guns of the same efficiency
can be designed to meet different require-
ments of performance and size. These meth-
ods do not provide detailed gun design data
but are useful for rapid estimates of the gross
dimensions (weight, length, volume) and pro-
peilant requirements.

5-56.2 THERMODYNAMIC EFFICIENCY

For conventional guns, thermodynamic ef-
ficiency e, is defined as the ratio of the
projectile kinetic energy to the available
energy of the propellant. In the recoilless rifle
system, however, some of the useful available
propellant energy goes into balancing the
rifle—i.e., preventing recoil—so that in com-
paring fairly identical recoilless rifles by using
the conventional efficiency definition one
rifle will appear more efficient and require a
smaller charge when it recoils rearward, and
less efficient when it recoils forward. There-
fore, in order to compare effectively the
ballistic perforrnance or potentiality of re-
coilless systenis, the efficiency of a recoilless
rifle is now defined as the ratio of useful work
obtained from the system to the available
propellant energy (Ref. 1). The useful work
from the system is the kinetic energy of both
the projectile and nozzle gases. Considering
the case of an “ideal” rifle, i.e., a rifle in
which there are no energy losses, the ballistic
efficiency e, of the recoilless rifle can be
written as

e, = C,/C;, dimensionless (5-1)
where

C, = hypothetical charge that contributes

to the energy of the projectils and
the gases balancing the recoil forces,
Ib

C; = initial propellant charge, 1b
Considering the “ideal” rifle system, the
conservation of energy and momentum can be

written, respectively, as

maVi/2 +mV3/2 = CF/ly = 1) (52)

and

MV + ImV,, = mV,, (53)
where

v = specific heat ratio, cp/c,,, dimension-

less
F = propellant impetus, (ft-1b)-16™!

I  =f{ractional momentum unbalance
factor, dimensionless

m = projectile mass, siug

m, =mass of gases flowing through noz-
zle, slug

V, =velocity of gases flowing through
nozze, fps

V. =muazzle velocity of projectile, fps

The term C,F/(y-1) is the total available

et il il s ke ..




o
4

re

R L ol et

AMCP 706-238

propellant energy of the ideal propellant
charges and ImV,, is the momentum of the
rifle and accessories; / is defined as the
fractional momentum unbalance factor which
is positive for rearward recoil and negative for
forward recoil.

Solving Eq. 5-3 for ¥, and substituting into
Eq. 5-2, and then solving the resulting qua-
dratic equation for C,, the ballistic efficiency
e, of a recoilless rifle becomes as shown in
Ref. 1.

_[mVity-1) 11 g

e = l:_"zc"—",F L 7 N oy
(5-4)

It should now be noted that for a closed
breech weapon / = 1 and ¢; reduces to the
conventional thermodynasnic efficiency defin-
itione,,

_ mVily - 1)
e EC‘F (5'43)

5-5.3 PIEZOMETRIC EFFICIENCY

Piezomeiric efficiency is the ratio of the
equivalent constant pressure (average pres-
sure) of the ballistic cycle to the actual peak
pressure of the system. Hence, piezometric
efficiency u is

_1
P,L,

LM
B fo P(L}dL (5-5)

From thke equation of motion, force equals
mass times acceleration

- [dV
P(L)A = m(dt)

and from

e . o L

it follows that
) 4
PL)A = 12mV( dL) (5-5a)

Evaluating the integral of Eq. §-5

L v, 2
m _qom ™ _ m\fV
J; P(L)dL =12 y J; vav = 12(—!)(—2!1)

(5-5b)
Substituting Eq. 5-5b into Eq. 5-5, we obtain

_ Fmv?
- (gprd] &0

where
P = space mean pressure at any time, psi
Pp = maximum pressure, psi
L,, = gun barrel length, in.
A = bore area, in?

Peak pressure is a significant design param-
eter affecting gun weight, blast, and flash.
Thus, a characteristic piezometric efficiency
provides a quick estimate of tube length given
a required projectile weight and velocity, and
a specified allowable maximum pressure. The
larger the piezometric efficiency, the shorter
the travel required for a given muzzle energy.
Hence, an important consideration in the
determination of the propellant charge and
gun design is the maximizing of the area
defined by the pressure-travel relationship,
while attempting to minimize both tube
length and peak pressure.

55.4 EFFICIENCY TABLES AND GRAPHS

Table 5-2 lists values of thermodynamic
and piezometric efficiencies for some existing
recoilless rifles. These efficiencies correspond
to the systems identified in Tabie 5-1. This
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TABLE §-2
PIEZOMETPIC, BALLISTIC, AND THERXCDYNAMIC EFFICIENCIES
OF SOME EXISTING RECCILLES3 RIFLES

Piazometric
Waapon Round Efficiency u
57 mm M8 M306A1 0.52
75 mm M20 M3GOA1T -
105 mm M27 M323 0.55
1066 mm M40 M344 0.5

table indicates that a typical, well designed
recoilless system should have a ballistic effi-
ciency e, and piezometric efficiency u of
about 0.50, and a conventional thermo-
dynamic efficiency e, of 0.06.

55.5 NUMERICAL EXAMPLE

Assume that a 105 mm, 8-1b projectile is to
be launched at V,, = 2000 fps with F=3.3 x
10* ft-Ib/lb and that peak pressure P, is not
to exceed 10,000 psi. Applying a convention-
al thermodynamic efficiency e, of 0.06 and y
= 1.24, one calculates from Eq. 54a

= 0)@)Imvy
0.06

_ (0.24) (D} (2000)°
(0. 06)(3.3 x 10°)

C;

~ 6 1b of propellant

A piezometric efficiency u of 0.5 yields, using

Eq. 5-6,

[ $m v
AL, =12 -

LP’(O. 5)

-

2
-12)¢ )1(0’((5050)0) ] =12 x 10? in?

_11(10.5 C
4\2.54
1

3.4 in? (or 105 mm projectile)

A

il

i

ALICP 7U8-238
Coavertional
Therinadynamic Bgliistic
Efficiency & _ Efficiency e,
0.052 0.44
- 0.50
3.058 0.654
0.071 0.47
hence
12 x .
L, = —1:-3—%22- =90 in.

It is often convenient to use dimensioniess
coefficients instead of the ballistic parameters
themselves. Fo: :xample, by review of empiri-
cal data, the dimensionless propellant weirht
coefficient (propellant weight per unit pro-
jectile weight) is found to be closely approxi-
mated by a single valued function of projec-
tile velocity. This relation appears in Fig. 5-2
with the two curves representing two valucs
of ballistic efficiency e, (0.4 and 0.5).

Fig. 5-3 shows the relation between
chamber volume and both projectile travel
and propellant weight through the use of the
dimensionless coefficients—expansion ratio €
and loading density 4.

Fig. 54 is the projectile travel L, required
to obtain a specified muzzle velocity for given
values of peak acceleration based on Eq. S-7.

12ve .
m = -é-#_&f" in. (5-7)
where
Vi, = muzzle velocity, fps

dp = peak acceleration of projectile,
ft-sec™
4 = piezometric efficiency, dimensionless

Piezometric efficiency y is assumed to be 0.60.
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Weight M as a Function of Muzzle Velocity V, for
Bailistic Efficiencies (e, = 0.4 and 0.5)

56 TABULATED DESIGN DATA
6-6.1 METHOD

In Ref. 2, a series of interior ballistic
calculations have been made and the resulés
tabulated. These data are shown in Table
5-3(A). If the projectile weight and bore area
are specified, this table can be used to
estimate various combinations of chamber

5-14

volume, barre! length, and peak pressure to
produce a specified muzzle velocity. Note
that there are three sets of calculations
corresponding to propellant loss of 0, 10, and
20 percent. The choice of most appropriate
data will be at the discretion of the designer
based on the nozzle design and the point
where propellant buming ends. The method
for using the table follows:
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Bore Area A times Travel L, in.3
1,000 10,000 100,000 1,000,000
160,000 —
740 NV V)
g f/’/ W
47 AY
Z 94
a / 4%/ /(/ //
7 / / r
’ -
v 1,34 //,/
‘» v ;‘Q ///
/ /4(6/"4(1 /
> / /
10,000 : 7 4
Chamber 7 v
m .
Volumg Ve = A va ~ ya
ins / &%
y Y
/ A L/ 1/
7 4 ”
Z J {i ‘A
VI %
s |/
1,000 ll‘
2 2
A4
Z
KEY:
[ Chamber Vol - vs Pro-
Bellant Welgh. sadlng
ensjty & conatant
411 _ Chamber Volume vs Bore
[ — Area x Travel Expansjon
Ratio ¢ constant,
L
1 2 3 4 5678910 2 3 4 5678910 2 3 45678910

Propeilant Weight Ci, b

Figure 5-3. (A) Lower abscissa: Chamber Volume as a Function of Propellant
Weight for Loading Densities 0.4, 0.5, 0.6 g-cm™
(8) Upper abscissa: Chamber Volume 8s a Function of Barrel Volume (Bore Area Times
Travel) for Expansion Ratios 2, 3, 4, and 5.

Given V,, . m’, 4, and P,:
(1) Compute ratio m'/A where the m’ is the
effective projectile mass (see par. 5-10).

(2) Choose a set of values for the flow
factor A (see par. 5-7.2) inthe range 0.45 <)
< 0.65.

(3) From Table 5-3(A), for each X in the
set of Step (2), read L,,(m'/A)* and v /m'
corresponding to the given maximum pressure
and muzzle velocity. This should be done for
each propellant loss; Q percent, 10 percent,
and 20 percent.

(4) Compute the total travel L, for each N
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and propellant loss by {6) Tabulate results L, and v, versus X
Lo\ 7t' (7) Determine the value of C; for the vari-
Ly = WA ous values of A from:
A o 160C,
(5) Compuie the chamber volume », by: * 7100 — % propellant loss
where
- (1) oo (S) i
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} TABLE 5-3(A) ‘
- GENERAL BALLISTIC DESIGN DATA BASED ON SifSPLIFIED THECRY ]
’ m\* . myt !
Vm . Pp ' Vc/ m" Lm (A ' Vm ‘ PP ’ Vc/ m’. Lm AT, i
A fps i indfslug i3 /slug A fps i in? /siug in® /olug i
Powder Lass = 0 percent Powder Loss = 10 percent i
046 1500 6000 1675 3180 046 1500 G000 1758 3392 ‘
10060 1003 1997 10000 1914 1966 ’
: 15000 717 1238 15000 799 1261 ‘
é 20000 574 926 20000 638 932 :
S ! 30000 431 600 30000 478 622 ‘
! 2000 6000 1708 5267 2000 8000 2022 5768 :
oo 10000 1113 3132 10000 1309 3581 i
L ¢ 15000 815 2065 15000 950 2270 i
» : 20000 668 1637 20000 73 1722
‘ ; 30000 521 1010 30000 595 1136 ]
e 1 3000 15000 1035 6605 3000 16000 1261 6699 ‘
i % 20000 874 4966 20000 1083 4887 i
e
! -,f ' ; 050 1500 6000 1199 2991 050 1500 6000 1311 3209 !
e 10000 720 1682 10000 848 1962 ‘1
2 t 15000 528 1177 15000 617 1298
t 20000 431 871 20000 501 965 ,
B ‘ 30000 334 671 30000 375 695 :
b 2000 6000 1209 5201 2000 6000 1548 5682 3
% ; 10000 812 3148 10000 1020 3270
" , 15004 613 2087 15000 157 2183
s : 20000 513 1672 20000 626 1626
Ll 3000 15000 832 7253 3000 15000 1029 7227
e . 20000 873 5447
L 055 1500 6000 805 2895 055 1500 6000 9%0 3170 ,
10000 538 1722 10000 653 1917
15000 404 1146 15000 495 1325 .
20000 337 841 20000 400 850 1
2000 6000 910 6140 2000 8000 1172 6428 ;
- 10000 630 3670 10000 795 3845 i
e 15000 490 2430 15000 605 2655 ‘
b . 20000 B11 1929
L. 060 1500 60C0 581 3420 060 1500 6000 767 3573
‘ 10000 403 2067 10000 518 2102 ]
> 16000 314 1391 15000 384 1406 )
i 2000 6000 701 8922 2000 6000 919 8500
R \ 10000 503 5442 10000 639 5145 1
=i : 15000 504 3526 !
- 065 1500 6000 421 4938 065 1500 6000 577 4425 2
i 10000 307 3018 10000 404 2685
2000 10000 534 7402
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x TABLE 5-3(A) .

‘ !
3 !
‘ GENERAL BALLISTIC DESIGN DATA BASED ON SIMPLIFIED THEORY (CONCLUDED) 1
; [ ﬂ : 1 ﬂ ! %i
% Vm ¢ PP . Vc/m g Lm A/ . Vm ' Pp ’ Vc/m ' Lm Al . i
E A om i indfslug  inSfslug A fps psi ind/slug in? /slug !
! Powder Loss = 20 Percent 1
{ A
: 045 1500 6000 1927 4013 085 1500 6000 1220 3860 ;
! 10000 1231 2401 10000 800 2280 ;
f 15000 £82 1558 15000 590 1530 i
20000 708 1132 20000 485 1141 !
] 30000 533 760 30000 380 759 .
2000 6000 2348 6812 2000 6000 1492 7278 §
X 10000 1516 4014 10000 997 4363 'i
15000 1101 2669 15000 750 2818 :
20000 893 1971 20000 626 2199 :
2 30000 686 1289
- 3000 15000 1516 8134 3000 20000 917 7082
Fah 20000 1257 6063 {
o 30000 996 4054 E
g 050 1500 6000 1473 4017 060 1500 6000 993 3037 :
R 16000 954 2386 10000 658 2392 :
15000 695 1575 15000 492 1592 i
20000 566 1164 20000 410 1193 3
A 30000 436 756 ]
' % 2000 6000 1805 6775 2000 6000 1224 7762
ot 10000 1188 4102 10000 832 4852
i 15000 880 2710 15000 637 3262
e 20000 726 2025 20000 539 2462 :
30000 571 1339 o5 1500 6000 788 4497
3000 15000 1234 7537 10000 538 2772 ;
20000 1041 5667 15000 413 1868
2000 10000 707 6440
15000 553 4400 ;
: ¢
o The ratio C,/M’ of charge bumed C, to m'  =0,34 slug ;
ad effective projectile weight M’ is obtained from ]
ie Table 5-3(B). m’/A = 0,05 slug/in? F
) 5-6.2 EXAMPLE

. From Table 5-3(A) for A = 0.5 and zero

) propellant loss
Consider a 75 mm gun with a round which

n has the following parameters: v./m' =812 ind /slug j
P, = 10,000 psi and

A A = C85in? 4

‘ Vin = 2000 fps L, (m’'/A)? = 3148 in? /slug
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TABLE 5-3(B)

TABLE OF PARAMETERS BASED ON
SIMPLIFIED THEORY

A C, /M
V,, = 1500 fps
0.45 0.316
0.50 0.314
055 0.310
0.60 0.305
0.65 0.301
V,, = 2000 fps
0.45 0.460
0.50 0.456
0.65 0.450
0.60 0.440
0.65 0.436
V,, = 3000 fps
0.45 0.788
0.50 0.777
0.55 0.7567
0.60 0.745
0.65 0.723
therefore

v, = (812)(0,34) = 276 in}
and
L,, = (3148)(0, 05) = 157 in.
The propellant charge corresponding to these

values is determined in the manner that
follows.

From Table 5-3(B), Cy/ul’ = 0,456

Therefore, since M'=mg

C, =(91> m’g = (0.456)(0.34)(32, 2)

=4,991b

il iondpiiva ncy i ol T Sty Y = ik bl *
et T Sty IR et S it W S

AMCP 706-238

and, since zero propellant loss was assumed,

C. = 100C, _ 100
17 100-0 ~ 100

(4.99)=4.291b

A complete table of combinations of chamber
volume and barrel length is then obtained by
repeating these calculations for the other
values of A, and for 10 and 20 percent
propellant loss.

5-7 GRAPHICAL SOLUTIONS
5-7.1 INTRODUCTION

In this paragraph a step-by-step procedure
is described for determining recoilless rifle
design parameters graphically. The bases for
these graphs are described in Ref. 3.

This graphical method does not permit a
calculation of pressure and velocity as a
function of projectile travel but it does
provide recoilless rifle and propeilant param-
eters that will yield a specified muzze
energy ana peak pressure. In general, these
graphs are based on the simplified Hirsch-
felder Theory as found in Ref. 4. It is
assumed that V,,, m, A, and the type of
propellant are specified. Then 4,, £4,, and
A, are chosen and determined as dimension-
less quantities such that the rifle will be
recoilless (4/A, usually taken as 1.45, and
A /A, close to unity). For these conditions
A, is nearly double A4,.

Figs. 5-5 through 5-13 contain several
parameters (represented by the following
symbols: A, ¥,, ¥y, and y,) that are dis-
cussed in Section V of this chapter. Most of
these parameters are of no special interest to
the weapon designer, however, the factor . is
of special interest. It is defined as A =
kA, W,/(C;B) which shows that a specific

value of A determines the propellant charge .

C,;. The use of Figs. 5-5 through 5-13 enables
the weapon designer to estimate a value of A
based on previous experience and then, per-

5-19
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forming a minimum number of limiting cal-
culations, obtain the optimum value of A
which will lead to a practical loading density.
The curves in the figures that follow indicate
the exact value of charge and peak chamber
pressure which correspond to the desired
loading density. With this information, the
chamber volume and propellant web can be

5-22

determined, respectively, from the definition
of loading density A, and A where

A, =21.1C/v,, gemid (5-8)
where

C; = initial propellant charge, Ib

PEDPD S SPEOS- 1
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Although the buming rate determincd from
the definition of A is not very accurate and
must be determined by ¢xperimental firing of
the particular weapon, the ratio W/B can be
determined from the definition of A with
reasonable accuracy, where W is the web
thickness of the propellant grain in inches and

B is the effective burning rate comstant in
in.-(sec-psiy?!.

Figs. 5-5 through 5-13 are plcts of the
equations of Ref. 4 and are based on the
assumption that the projectile velocity V,, at
the instant the propellant is all bumed, is
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) approximately 95 percent of the muzzle (1) Determine C; from Fig. 5-5.
velocity V,,. However, in order to simplify 3
the curves, it is assumed that Vy = ¥, with (2) Determine y,, ¥, and \U,} from Figs.
only a small error being introduced. 5-6, 5-7 and 5-8, respectively.
(3) Determine AY from Fig. 5-9 or 5-10.
5-7.2 PROCEDURE FOR USING GRAPHS The scales of both coordinates on these
figures may be simultancously multiplied by
Given V,,. m, and A/4,: the same constant factor.
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(6) Compute P, =m'/(m'/P,).

AMCP 706-238
}
. (4) Determine m'/P, from Fig. 5-11 or F = 331 X 105(ft-lb)}1b?
58 3 Fig. 5-12. The scales in these {igures may also
: be siniultaneously multiplied by a constant y =124
factor as in Step (3).
v n = 17.09 in3-1b}
* (5) Determine m' from Fig. 5-13.
0 K = 646X 1073 sec?
&

— n e — s o < = —= 1=

(7) Compute chamber volume v,

v, =AY + C/p (where p is the density
of solid propeilant in
lb-in" 3)

(8) Calculate the loading density 4,
a, = 27.71C /v,

(9) A set of recoilless rifle and propellant
parameters has been determined correspond-
ing to a particular value of A, The process is
repeated with a change of A to yield another
set of parameters consistent with the required
muzzle velocity and tube length. By tabulat-
ing and plotting the results of these calcula-
tions a suitable choice of N\ will result in an
optimization of peak pressure, chamber
volume, and propellant charge under the
constraints of the weapon system.

5-7.3 NUMERICAL EXAMPLE

Given the following parameters for a 105
mm M27 Recoilless Rifle using an M323
Projectile and M10 Propellant:

A =1372in?
A, = 93lin?
A/A= 1473
M =32410b
Via = 1120 fps
L, =106in

The results of the calculations per-
formed based on these parameters are
plotted in Figure 5-14 which shows that for a
loading density (0.6 g-cm™), the factor A
would be 0.585; the charge C;, 9 Ib; and the
peak pressure P, 7500 psi.

58 SIMILITUDE RELATIONS
6.8.1 INTRODUCTION

The basic interior ballistic equations as
derived in Section IIl can be written in

dimensionless form by use of the foliowing
dimensionless variables:

¢’ =N/C;
Q =(N~N/N
¢ =N'/N
T =T/7T,

v =Py, - C;/p)/(12CF)

t' =Ax/lw; - Cy/p)

§ = 12 Tt C,B
Yo — Ci; P/ \W,

Substitution of these variables into the basic
¢quations of pat. 5-16 and assuming that 6np
= | in the equation of state, yields the
following dimensionless governing equations:

(1) Equation of Motion:

V1Y)
Lir-qv (5-9)
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where
A “‘(Ct
;) \m",

Q =

(2) Gas Production Equation:

a8
il (5-10)
(3} Gas Discharge Equation:
Q = A7)/ (65-11)
where
Q = kAW,/(CyB)
(4) Continuity Equation:
1-a)=¢ {(5-12)
(5) Equation of State:
Fo'T =v(l +¢') (5-13)
(6) Energy Equation:
= o o Y8 45_)
FoT =¢ ~ Q < o
(v = 1)(1 + ) (gg;}‘
-3¢ \& (5-14)

It is seen from these dimensionless governing
equations that if the numerical value of the
coefficients 2, A, v, and 8 remain constant the
solution to the governing equations is the
same; i.e., systems for which thcse coeffi-
cients are the same will have identical
theoretical ballistic performance.

58.2 CHARACTERISTIC SiMILITUDE RE-
LATIONS

If the performance of a particular gun is

AMCP 706-238

known, the performance of a similar gun can
be piedicted through the use of the simiiarity
relations developed by maintaining the same
value for @ and A. In practice, Q is heid
constant by preserving the charge to bore area
ratio C;/A, the relative quickness B/W,,
impetus F, and projectile sectional density
M/A. if Q is constant and the ratio of bore
arza to thrcat area is also unchanged, then the
gas discharge equation is also unchanged. The
specific heat ratio v is not a widely varying
coefficient and can be assumed constant
within the accuracy of this interior ballistics
model. The ratio § of heat loss to projectile
kinetic energy also must be constant for
similitude conditions, which is expected, since
similar guns are expected to have similar
fractions of heat loss to projectile kinetic
energy.

Identifying the known system parameters
with a subscript 1, the parameters for the
model system should be as follows in order to
obtaiu the same pressure-travel and velocity-
travel solutions:

m/A = my/A;
Ci/A = Cy /A

A/A = Ay/Ay

Xo  =Xgy
B/W = By/W,
T =T
F =F

59 EFFZCT OF BALLISTIC VARIATIONS
5-8-1. INTRODUCTION

In many cases, it is desirable to determine
the effect of the variation of such ballistic
parameters as flow factor, impetus, and burn-
ing rate on the ballistic performance of a
recoilless rifle—especially as affecting peak

5-31

et T e

ima ki cacal s e L

AT o i B 12

- P




1‘5‘1

-

AMCP 708-238

pressures and muzzle velocity. For example,
an increase in throat area due to nozzle
erosion will cause a significant increase in
forward recoil and may affect the muzzle
velocity to such an extent that the rifle
becomes useless for operation after a certain
amount of usage. Therefore, it is necessary to
be able to estimate the life of the gua nozzle
based on the variation of muzzle velocity with
throat area. The approximations for peak
pressure and muzzle velocity that follow as
given in Ref. 5 are differentiated with respect
to the designated bailistic parameters and the
effects evaluated in subsequent paragraphs.

12m'elfle) .
P,=7§'I-e%fg)‘-, psi (5-15)
Ve =%2-(1 —-6"Y), fps (5-16)

where

fl) =0 +u)(10u)/u/(1 + Zu)(iﬂu)/l’

dimensionless
6 =(€ — @)/(1 - a), dimensionless
a = C;/(pv,), dimensionless

€ = expansion ratio, total volume/
chamber volume, dimensionless

The parameters e; and u are given by

w2 E)E)-

F~-1  (w\(C\(BY . ,
u:.y—_z +<‘z‘) '%)(W‘;) Fm ’

dimensionless
where
7 T iR -1
T, flow factor = YC4K (:;‘)(To) , 8ec
5-32

Y = (I +8Xy — 1)+ 1, dimensionless

(] = ratio Jf heat loss to burning ener-
gy of projuctile, dimensionless

Cy = discharge coefficient of nozzie,

dimensionless

5902 EFFECT OF QUICKNESS FACTOR
B/W,

The quickness factor is defined as B/W,.
The effect of quickness factor on peak pres-
sure is obtained by differentiating the log
pressure given in Eq. 5-15 with respect to the
quickness B/W,, .

dP, _ IF ¥ =1\t +1.5)
#—2[(1'*‘32)—(:‘- 2 )(u +1)T]

» AB/W,)
(B/W,)

(5-11)

For the usual range of parameters a 1 percent
change of quickness factor produces a change
of peak pressure of 1.5 to 4 percent.

The effect of quickness factor on muzzle
velocity is found by taking the derivative of
the log ¥V, . as given in Eq. 5-16, with respect
to B/W, as shown in Ref. 5, Chapter 11,

7-1)
7wl 2(“ 7 )Ind

dv, |TF
. e 1+ 2 * 6% -1
d(B/W,)
X W (5-18)

As a tygical example of the effect of quick-
ness, the 57 mm MI8 Recoiiless Rifle has a
change in muzzle velocity of 0.8 times the
change in quickness.

59.3 EFFECT OF IMPETUS F

The change in peak pressure due to a
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change in impetus is, taking the derivative of
P, with respect to F,

dP, _ Y-1\(u +1.5) | dF
P, 'V 2 Jw+?]F

(5-19)

Substitution of typical numerical values in-
dicates that a 1 percent change in impetus
results in a 1.5 percent change in peak
pressure.

The variation in muzzle velocity is

AV, _ [7_1 +(u_7..1) 1n5]g§
Vi 2u 2 M =~1| F

(5-20)
For the 57 mm M18 Rifle, it is found that the
change in muzzle velocity is about onc-haif
the change in impetus.

59.4 EFFECT OF PROPELLANT REGRES-
SIVENESS Ww/L

Propellant regressiveness is defined as a

fictitious web to length ratio W/L and, in the
case of single perforated grains, is given by:

where
W, = initial web thickness, in.
£, = initial propellant grain length, in.

C, =total weight of solid propellant
ejected from rifle, 1b

C; = initial propellant charge. 1b

A change in net regressiveness W/L causes the
following change in peak pressure as found by

AMCP 708-238

taking the derivative of Pp with respect to
W/L,

Py ol _1[cF (B
_IT—Z{ _82[4 <Wo)—rF]
_(u ¥ 1) (w +1.5)| d(W/L)

2 w +1)2 j w/1
(5-22)

For small values of W/L, the term

1 1CF (B

is close to unity and u is close to (Y —1)/2,
therefore, the effect on peak pressure may be
negligible. A typical value of this coefficient
as given for the 57 mm M18 Rifle is

Py _ d(W/L)

The equation relating change of regressiveness
to a change in muzzle velocity is:

4y [E(C)(B\W _( _7-1
Ve le2\4)\W,)T ~\" "~ "2

x (1 + it i)] dgvg,) (5-23)

For the M18 Rifle this term is negative and
approximately one-half. For longer rifles, i.c..
larger values of 8, the effect of regressivencss
becomes negligible.

59.5 EFFECT OF FLOW FACTOR I'

The flow factor T is a significant factor
defined by a combination of ballistic
parameters as follows:

7 \1/2
(—;,;) , sec’l  (5-24)

Gs

cv(2)

'

The effect of flow factor on peak pressure is
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determined by taking the durivative of P,

with respect to I" and given by,
by _ _ o (EL)4L
w2 (@) -2

For a typical case of the M18 Rifle, F I'fe; =
0.75, so that a comresponding change in peak
pressure varies inversely about 1.5 times the
change in flow factor.

The effect on muzzle velocity is deter-

mined by taking the derivative of V,, with
respect to I' and is given by,

]

dVy _ (I‘F)dr

Since FI'/e; is, for example, = 0.75 for the
M18 Rifle, the chauge in muzzle velocity will
be about 0.75 times the inverse change in
flow factor.

B e ® a2
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SECTION Il
BASIC INTERIOR BALLISTIC EQUATIONS

5-10 EQUATIONS FOR PROJECTILE AC-
CELERATION

In the absence of friction, the equation of
motion of the projectile

av AP,
& - s2n

where
V = instantaneous projectile velocity, fps

P, =pressure acting on the projectile
base, psi

A = bore area, in?
m = mass of the projectile, slug
t = time, sec

It is obvious that there must be a greater
pressure in the weapoa chamber since the
propellant gas itself must be accelerated by
the diffecrence in pressure between the
chamber and the base¢ of the projectile. There
is an additional, usually smaller, pressure drop
required to overcome the effects of gun-wall
friction against the motion of the gas, This
real drop in pressure is effected by artificially
increasing the mass of the projectile in order
to produce the correct acceleration. The
relation between the space-mean pressure and
the pressure at the base of the projectile is
estimated as

P= (1.04)?,.[1 +.‘.1_:.’:’.‘31] (5-28)
oM

where

P = space-mean pressure, psi

P, = pressure at projectile base, psi
C; = propellant charge, Ib

§ =( — a)(l-a)=3

A = kA,W/(C,B), dimensionless

k = KCy,sect

The factor § is plotted as a function of M/C;
in Fig. 5-15.

Eq. 5-27 can now be written as

dv. (A P ( ‘
-6 Jrodi +25 ;"";j&' ©-49

By defining an effective mass mi’ as

(L - NCy
L - B
m’ =1,04 [:m S (5-30)
where the factor 1.04 accounts for friction.
Eq. 5-29 can now be written

dV AP
— -3
T (5-31)
It is seen from Fig. 5-15 that for values of
M/C; lerger than onc the value of & is
approximately 3, and this is the value nornmal-
ly used for calculations of m’.

611 EQUATION OF STATE FOR PROPEL-
LANT GAS

The equation of state for the propellant gas
can be taken with sufticient accuracy as
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Py, — 9N') = 12N'RT (6-32)
where

n = gas covolume, in3-1b?

N' = quantity of gas in the weapon, Ib

T = gastemperature, °R

R = gas constant, (ft-Ib)}{Ib-°R)!

v, = free volume in gun, in?

The gas covolume 7 is the space cccupied
by the gas when it is compressed to its limit.
The free volume ¢, in the recoilless rifle is
defined as the total volume behind the pro-
jectile less the volume occupied by the un-
burnt propeilant and can be expressed as

vy =AW +x9) = (C; = N)/p (6-53)
where

x, = equivalent chamber length, in.

= V,/A

i

projectile disp!acement, in,

> o~
1]

quantity of gas produced, 1b
p = density of the solid propellant,
ib-in?
Introducing the propetlant impetus F
F = RT,, (it-1b)-1b""! (5-34)
where

T,= isochoric (constant volume) flame
temperature, °R, and is the temper-
ature which the gases would attain if
all the propellant energy was con-
verted into the formation and heat-
ing of gases

BT A g e e s
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R = univeral gas constant (ft-lb)
(Ib-°Ry!

With these substitutions the equation of state,
Eq. 5-32 becomies

PIAWL +x,) = (C3 = N)/p =~ 9N’}
= 12N'FT/T, (5-35)

It should be noted that the difference (N-N')

is the amount of gas discharged through the
nozzle.

5-12 EQUATION FOR RATE OF PROPEL-
LANT BURNING

The rate at which propellant gas is pro-
duced is given as

daN _
pr pSr (5-36)
whete

p = density of solid propellant charge,

Ib-in?

S = instantaneous buming surface area,
in3

r = instantaneous burning rate, in.-sec™

The instantancous rate r is expressed in
general form for propellant burning as

y=a+C'P" (5-37)

where @, C'', and n are constants depending
upon the specific propeliant composition. For
the pressures encountered in most recoilless
rifles, the valueof C’' PP>>> a and as a result
the bumning rate equation is used with a = 0.
Also, it is found that in recoilless rifles, the
value of n is close to unity and therefore as a
useful approximation the buming rate may be
considered linear and is expressed as

»=G'P, in.-sec! (5-38)

5-37
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with the value of the buming rate ¢ .in.-
(sec-psi)?, chosen to give the best agreement
with Eq. 5-37 for the range of pressure
considered for the specific propellant. The
linzarized buming rate Eq. 5-38 is shown
plotted in Fig. 5-16 for two different pressure
ranges for M10 Propellant that has the follow-
ing nonlinear burning rate per Eq. 5-37

where
€’ =4.53 x 107 in, gec1-psi™®’
s =07

In the case of the single perforated grain
where burning occurs norma! to ail the
surfaces, outer surface, perforation surface,
and both ends, the surface area S for a charge

r = 4,53 x 1079p91 comprising a single-grain is
7
6 ,/
r= Csz2
) /
]
] o /
Q
A
c
= 4 ¢ = 4,53x10 p%7
[ ™)
]
[e]
© N
]
gn r Clppl
E
a
2 /
i P P o
1 / Pl P2 .
0 4x10° 8x10° 12x10° 16x10° 20 x 10° 24 x 103 28 x 10° 32 x 20°
Average Pressure P, psi
Figure 5-16. Burning Rate as & Function of Average Pressure for M10
Compasition Propellani, Lot FDAP 81
5-38




s=22[0, - oW -+ wwpl

+ r[(D, - wW,) +(d + wW,)]
X {8, = wW,)
or (5-38a)

3
$= R(DO + d)la[(l +_‘lff

(]

where
D, = outer grain diameter, in.
d = perforation diameter, in.

(D, — d)/2 = web, the minimum
distance the flame front can bum
through and consume the grain, in.

w =fraction of web consumed, dimen-
sionless

£, =initial length of grain, in.

It should be noted that as long as £, > W,,, the
grain will be consumed when hclf of the
web W, is bumt becausc the grain is burmning
from the perforation outward and simultane-
ously from the outer surface inward. Ob-
viously, for the same tuming rate, the flame
fronts will meet when half of the web is
consumed.

The comesponding density for the single
perforated grain is

G
p = ———
2@ - ail,

or (5-38b)

v (Do * d)WO‘D

AMCP 708-238

where

p = density of the solid propellant,
1b-in.-3

C, = propellant charge bumed, ib

Substituting Eqs. 5-38b, 5-38a, and 5-38 in
Eq. 5-36, one obtains

g5 ) o

(5~38¢c)

The surface area can be obtained from Egs.
5-38b and 5-38a as

S =%%3-[(1 +-‘;’£) -2 (%)w], in.(5-38d)
[ (]

For the condition of constant barning surface
propellant, W, /%, = 0, which is a good
approximation for a single perforated grain,
Eq. 5-38d can be written as

§ = 2Cy/(pW,), in.? (5-39)

and Eq. 5-38c as

dN _BC,P -1
7 _—L“'o , lb-gec (5-40)
where

B =2C', in.-(sec-psi)™!

The quantity8/W, is known as the propellant
quickness with dimensions (sec-psi)™. Values
of B as a functicn of peak pressure for M10
Propellant are ploited in Fig. 5-17.

For multiperforated grains the web thick-
ness is the actual measured minimum thick-
ness of propellant between perforations. A
factor F, is shown in Fig. 5-33 which relates
the seven perforated web thickness to an
eyuivalent single perforated web thickness.
Thus, the equation for gas gener on of a
seven perforated grain is estimated as

1'
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aN _GCBP o1
& FW, Ib-sec (5-40a)

For further information on specific propel-
lants and propellant geometries, reference is
made to the propellant section of Chapter 11,
“Ammunition”.

613 EQUATION FOR DISCHARGE OF
PROPELLANT GAS THROUGH NOZ-
ZLE

The amount of gas discharged through the
nozzle is equal to the amount of propellant
bumt minus the gas in the recoilless rifle. The
rate of nozzle discharge in pounds per second
is

dIN ~ N') _ T,\!/2
—a kAt("f’) P (5-41)
where

N' =propellant gas accumulation in re-
coilless rifle, 1b

A, = nozade throat ares, in?
k = Cd K, SCC_'

K = nozzle coefficient
(ye1) Av=1) )1 /2
R/ -t
[T(-y + 1) ] » 86C

Cy =nozze discharge coefficient, dimen-
sionless

P = space-mean pressure, psi
¥ = ratio of specific heats, dimensionless

For an isentropic nozzle, the discharge
coefficient is taken as unity by definition.
However, due to losses in ar actual nozzle,
the discharge coefficient is I  than one. In
short nozzles the friction an  .ieat losses are
usually small but, when the additional effect

L R T e S W T
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of throat blockage by ejection of solid propel-
lant is taken into account, a discharge coef-
ficient of approximately 0.9 is used in order
to satisfy the mass balance equation.

5-14 EQUATION FOR ACCUMULATION
OF GAS IN GUN

The rate of propellant gas being genersated

minus the rate of propellant gas discharged
through the nozzle is the rate of gas accumu-
lation in the gun. From Eqs. 540 and 541
the rate of gas accumulation in the gun
becomes

ro 1/2
. [—C‘-vﬁ - u,(%) ]P. Ih-sec™!
-]
(5-42)

Define the following dimensionicss param-
eters

A = kA, /(CyB), dimensionless,
and
T 1/2
0=1a) -1-? , dimensionless

then the rate of gas accumulation in the gun
beconies

N’ g (GE

) 0 ( W, )P {5-43)

and from Eq. 540, Eq. 5-43 can be written
- (%’) (6-44)

5-15 ENERGY EQUATION

The total energy available by burning N
pounds of propellant is Nc, 7, where ¢, is the
specific  heat at  constant  volume,
(f-IbHIb-"RY.

The total available energy is divided among
the following four applications:

541




(1) Kinetic energy of the projectile:
bw' V3,
(2) Heatloss to the gun:

gm' v:

where § is estimatad as shown in Ref. 4 as

g = WS.BL.. (i—rg; aoo)‘/'
C

dimensionlens (5-45)

'

where

T, = isochoric flame temperature, °R

D = bore diameter, in.
A rough approximation of § is sufficient.
Values of § range from about 0.4 for 57 mm
vifles to about .2 for 105 mim rifles. A more
detailed discussion of heat transfer is given in
Section IX.

(3} Nozze discharge energy:

It is shown in Ref. 4 that the energy
dissipated in the nozzle discharpe is

‘r‘c.k(T.ﬂ“’(%t) m'V (6-46)
where

(T,T"? represents the averuge value of
(T,1)'? over the discharge time.

(4) Intemal energy of gas remaining in
weapon:

N'e, T

542

The total energy balance equation is then:

NeyT, = N'e, T +ve k(T V2 (‘;!)m' v

4 ;’ ) vt (5-47)

5-16 SUMMARY OF EQUATIONS

Use the relation

dv dVv

ot V(ﬂ_) (5-48)
and the average value of §

- T \1/2

=12 -i.-?) (5-49)

The basic interior ballistic equations ther can
be suirunarized as

(1) Equation of Projectile Motion

From Eq. 5-31

PA=m (%‘Y-)

and the definition of velocity

Lax _dL
mv-d dt
, (5-50)
P=1i2 (ﬂ-)v(ﬂ)
A dL

(2) Equation of Buming

From [q. 544 and considering the
start condition
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where
N’ =N, (5-51)
' =8N +(1 - 0N,
where

N, = weight of propellant burnt at projec-
tile start, 1b

(3) Energy Eguation:

The energy remaining in the recoilless

AMCP 706-238

rifle is obtained from Eq. 547 as

N'CvT = Ncﬂ'o A lhf’c”k(Toi)1/2<_’A_)m'V

+(1+ /M V?/2

(4) Equation of State

T\ P C
12F(-—-) = F[A(x., +L)= (—’ip

Eq. 5-35 yiclds

T,

T e m e e e il s h W

Ay

(5-52)
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SECTION IV

DISCUSSION OF SOLUTION TO EQUATIONS

In Section III, four equations were ob-
tained based on the assumptions indicated
and relate the chamber pressure, projectile
motion, gas temperature, and propellant gas
accumulation in the recoilless rifle. Tais hand-
book will not present the detailed analytical
solutions to these equations as obtained by
Hirschfelder or Comer and others who have
simplified the equations by choosing values of
certain  propellant, projectile, and weapon
parzmeters such as A, v, and W, in order to
obtain analytical solutions of the ballistic
equations. Since these methods invclve
lengthy calculations, it is not recommended
that they be used.

By making the simple approximation that
the ins..ntaneous gas temperature T can be
replaced with an average value, the ballistic
equations can be solved by a simple integra-
tion that is discussed in detail in Section V.
The solutions obtained by this method give
results within reasonable accuracy so that, for
first approxinations, this simplified solution
or the graphical solntions presented in par.
5-7 should be used. For more accurate solu-
tions to the ballistic equations, a digital
computer program for the numerical integra-
tion of the basic equations should be
employed.

5-45
Preceding page blank

S TR T
T T

el



M o

-

R

D

2

or Tar L

v v, ——

L T Il gatics Sl

SECTION V

SIMPLE SOLUTION BASED ON CONSTANT AVERAGE TEMPERATURE

65-17 INTRODUCTICON

In order to make the system of ballistic
equations derived in Section III readily inte-
grable, a gis temperature averaged over the
integration limits is used in place of the
instantaneous gas temperature. With this as-
sumpticen, a solution of the bcllistic equations
is obtained as shown in the discussion that
follows. The mcthod of solution presented
herein serves as a general procedure for
solving these squations since similar solutions
also can be obtained after making certain
assumptions about other ballistic parameters
and using the outlined procedure.

The resulting solutions are simple and
displayed in such a manner that the qualita-
tive effects and relationships of the ballistic
parameters are seen clearly. The resulting
simp! ‘ied equations are readily optimized for
determining minimum volume and minimum
weight rifles, and are used with little loss of
accuracy when compared to the more com-
plicated solutions.

518 METHOD

The equation of state, Eq. 5-35, can be
written as

j_xv =9"(x +qV - '), in.~(fps)™! (5-54)

where

P, N, and N’ have been eliminated by the
use of the following substitutions

Y = (%_g) (‘-4“—)3% sec-ft!  (5-54a)
t

(%) = the averege value of T,/T

over the ballistic cycle  (5-54b)

A =kA,W,/(C,B), dimensionless

(5-54c)
A .
q = m'k(‘p&) (l - n’ﬁ) , in, -sec~ft~1
p (5-54d)
C
Y = ;‘%, in, (5-54e)

The generul solution of the differential Eq.
5-54 is

x =Kiexp @'V) = gV "zpl' +7' (5-55)

With the initial condition that atx =x,, V=0

’

x,,=K1—% +r

Solving for K, and substituting into Eq. 5-55,
the specific solution becomes

x= on +$q,-— r’)exp(gh'V) -qV

- -z;—’,- +o', in. (5-56)

Eq. 5-55 is an exact analytical soiution of Eqg.
5-52 provided that the correct value T,/T can
be determined. In Ref. 6 it is shown that with
some simplification of the basic energy equa-
tion a good approximation of (T,/T)!' ? is

5-47
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where
T 1/2 o 1/2 b .
(T =3 -3 dimensionless
(5-57a)
U =1 ~ b, dimensioaless (5~5Tb)
¢ =1~ AYU/2 = £V, dimensionless
(5-577)
a =1 — A/(2U), dimensionless
(5-57d)
b = aly - 1)/2, dimensionless
(5-57e)i
¢ _a- 2;(; - 1) (AA‘) A, sec—itt
¢ (5-57D)

The expressions for x and dV/dx are substi-
tuted into the equation of motion, Eq. 5-50.
to give the resulting equation

12m'V q )
P=W[<"°+w_'")

-1
X exp(y’V) -f,—] , psi (5-58)

Pressure as a function of projectile travel can
now be determined parametrically.

The maximum pressure P, that cccurs
is of particular importance since it strongly
affects rifle chamber and tube design, nozzle
blast damage, and muzzle flash effects. Maxi-
mum pressure is derived on the basis
that aP/9V = 0 at Vp (provided that Vp is less
than V,) where V‘7 is the projectile velocity at
the time when maximum pressure occurs in
the recoilless rifle. Differentiating Eq. 5-58
with respect to V and solving for V, it is

found that for the usual range of parameters

V, = 1/3; (5-58a)
where
, , ! 2 o - in -
bp = &) +[(-22) + (‘L{,;-'Q)] , {fps)™
(5-59)

and ', and y',, refer to the values of ' for ¥
equal to 0 and ¥, respectively.

519 EXAMPLE

The following is a demonstration of the
method of par. 5-18. Given:

y = 124
n = 28.6ind-b!

17.99 ind-Ip!

1/p
k = 6.46 X 103 seg!

F 3.3 X 10% (ft-lb)1b?
B = 6.46 X 107™ in.-(psi-sec)™

The following gun and projectile vaiues have
been chosen:

A= 1372in?
A,= 9.3lin?
m = 1.0slug
C;= 101b
x, = 50in.

o
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Required:

V.

= 1120 fps
Find:
Ly,

The calculations that follow are made
according to the steps outlined in par. 5-18.

The value of W usually is chosen such that
the propellart wiil be “all burrt” about the
time the muz:le velocity is attained o siightly
before. A longzer buming time results in loss
of unbumt propellant, and a shorter time
causss excessive peak pressures given in the
saine parameter set. The relation between the
webd and muzzie velocity is then estimated as

W, = m'BV,/A (5-60)
After a reasonauble value of ., has been chosen
and a value of 0.5 assumed for A\ the web W
can be calculated from Eq. 5-60.

If

‘o (1 =0.5)10
m ‘1'04[“ )32, 2) ]

=1.095 shugs [Eq. 5-30]
then by Eq. 5-60,
-‘ ¢
_ 1.095(6.5% 1009(120) _ o (o0

Wo 13.72

The value of A is then calculated from its
definition

_RAW, (6.46 x 107%)(9.31)(0.058)
C,B (10)(6.5 x 107)

A
= 0,537

b = 4(1.24 — 1)(0.537) = 0. 0644
[Eq. 5-57e]

AMCP 708238

U=1-0,064 = 0,936 (Eq. 5-57b]
0.537

~ ©)0.03g) - %718  [Eq.5-57d]

a=1

(1 +0.2)(1,24 — 1)(1, 474)(2. 53)
2(6.46 x 107°)(3.31 x 1C%)

= 0,535 X 10 sec~ft™ {Eq. 5-57f}

_ (0.537)(1, 24)(0. 936)

¢ =1 2
~ (0.535 x 10™)(1120) = 0.629
[Eq. 5-57c¢]
12 12
(1_ ) (0.629) _0.0684 oo,
T, 0.713 2(0.,713)
[Eq. 5-57a)
T\ _ l<_1._ _1__) }
("T') =2\0.936 T 0,894/ = 1- 093
[Eq. 5-57]

(Z_n) =(1.093)% = 1,19
T
6 =1 = (0.537)(1,093) = 0,413 [Eq. 5-49]

Ref. 6 shows that for V=0 the gas temperature
T equals the average temperature 7 and cor-
respondingly

(T {/2 (T)1/2
t,) ~\r,) Y

~ 0.537

6, =1 = oo =0.426

Since propellant is assumed to be all burnt
at time of muzzle exit

oyt = (1,19)(1.474)(0,537)
Im =¥ = (0.413)(3.31 x 10%)(6.46 x 10-%)

=1,067 x 10°3 (fps)! [Eq. 5-54a)




= {1.274)(0.537)
(0.936)2(0.42¢(3.31 x 10°)(6.46 x 1079)

= 0,992 x 10”3 (fps)™! {Eq. 5-54a]

¥o

-3\ 2
¥, = $(0.992 x 10%%) + [(0 9922x 10 )

1,067 — 0, 992 1/2
A A i R4 3
+( 1120 ) 8 10']

= 1,055 x 10°% {fps)-t [Eq. 5-59]
_ . $|—9.31
g = (1.095)(6.46 x 10 )[(1372)2(0' 537)]
x {17.1 = 28, 6(0.413}]
=3.445 x 107 in, -sec~ft"! [Eq, 5-54d]

r' = 123 1772'1 =12,486 in,

3.445 x 1078
Xm = Eo Y1067 % 1079 ~ 12'46]
x o1-08M10°31120) _ 5 445 1073(1120)

_38.454 x 1078
1.067 x 103

= 140 in, [Eq. 5-56]

+ 12,46

5-50

Ly =X ~ %, =140 =50 = 90 in,
v, = Ax, = (13, 72)(50) = 685 in}

1 1
¥p 1,085 x 1073

= 947.9 fps
(Eq, 5-58a]

2 * ®
B, = (12)(1. 095)(947. 9)

T (13.72)1, 055 x 10°3

3.445 x 10-8
X [(50 * 055 x 107 ~ 12.46)

x el.ossxio"s(u7.9) _ 3.445 x 10-3]-t
1.055 x 1078

= 7993 psi [Eq. 5-58]

_ _{12)(1. 095)(1120)
(13.72)(1,067) x 10"3

x [(so 4 3:445 x 10°9 -12.4(9

P,

1,067 x 103

x gh0emtoScirzey _ 3.445 X 107 10'3.]'1
1.087 x 107

= 7647 psi [Eq. 5-58]
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SECTION VI

ANALYTIC EQUATIONS FOR OPTIMIZING CERTAIN GUN PARAMETERS

620 THE LICHTEST GUA FOR A
SZECIFIED MUZZLE ENERGY

In Section V, metiusds were presented for
calculating pressure-travel and velocity-travel
functions from a given set of ballistic param-
eters. By variation of these ballistic param-
eters, it is possible to calculate families of
gun design alternatives from which an op-
tmum configuration may be chosen. It is
desired to design the iightes\ gun of specified
caliber, projectile weight, and muzzle veloci-
ty. Neglecting certain auxiliary equipment o
approximately fixed weight for all calibers,
th= weapon weight is primarily a function of
the recoilless rifle volume and peak pressure.
It is desirable to select a peak pressure and
determine the ballistic patameters that result
in the minimum volume weapon of specified
A, mand V.

In Section V, Eq. 5-56 showed that

Xm = (xo +‘7’1’- - 1") exp (d’:nvm) = qVn
m

—%+'r', in,
Vi

and from Eq. 5-58 and Eq. 5-58a
P =_712m’ X, s L Ne —g‘-i psi
POARY N U o)
(5-61)
where
', is defined in Eq. 5-59.
For a specified bore area, the minimum

weight rifie corresponds to the minimum
value of x,. in detennining the minimum

velue of x,,, it is satisfactory to neglect small
quantities that vary slowly. Therefore. the fol-
lowing simplifications are introduced.

(1) ¢g=0

(2) ¥p = azdy Where a, is an
undetermined constant

T
3 (—iq') = function of V alone.

With these assumptions Eqs. 5-56 and 5-61can
be combined as shown in Eq. 5-62

12" exp Wl
*m = PyAeaf(y)?

For a given bore area the weapon volume is
determined by Eq. 5-62 and for a given
muzzle velocity and peak pressure is a func-
tion of ' and C, alone.

+r (5-62)

As shown in Ref. 7, the value of y' which
minimizes the recoilless rifle volume can be
determined from

dxm

—==0 (5-63)

7 {1

The condition for minimum volume as
determined from Eq. 5-62 is

YL, =2/V, (E-64)

In order to determine the charge associated
with the optimum valve of y',,, it is neces-
sary to determine a value of \ for a given
V' ;- The value of X is determined from the
following equation:

’
YnkE _ (%)é=f(7\, Vu), dimensionless

(f—g-) ’ (5-65)

5-51
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The function of f can be evaluated as
shown in Ref. 6 and, by plotting f as a
function of A, a family of curves is obtained
with V,, as a parameier. For a given V,,, there
is only one value of f and A which satisfies Eq.
5-65. The family of curves then reduces to a
single curvz of f as a fraction of A which
satisfies the optimura condition. This curve is
piottad in Fig. 5-18 where f; applies to
minimum volume guns. The value of C, can

then be detcrmined, kriowing the value of A,
as follows

Cy = kAW,/AB, 1h (5-66)

The chamber volume Ax, then can be
determined from Egs. 5-02, 5-64, and 5-65.

The complete methced of solution for the
minimum volume recoilless rifle, which for a
specific bore area and chosen value of P,
corresponds to the minimum weight rifle for a
specified muzzle velocity, is as follows:

Given: A, m, V,, A, propellant
constants
Chosen: P,

Assumptions: (1) V, =V

QY N, =0
Solution

(1) Y =2/Vy
(2) f(Vy,A) = kF/(A/A))

(3) A determined from curve f; of
Fig. 5-18,

@4 m =1.04[m +Q_:‘53_)£{\

At \ais point C; is estimated.

() B is determined from Fig. 5-17.

[ L

(6) Wo=m'BV,/A

(1) Cy =kAW,/(AB)

If the estimate of C; in Step (4)
was poor, Steps 4 through 7
should be repeated. (Note:

Cz = C{ hd CS)

(8) ¥p = g(¥y) determined from Fig.E~19.

12m’
DpAWh)2

’ cz
X exp WmuVa) + I,;

(9) xp =%, tLp =

129 [exp(@}uVm) = 11
an 1 - B

(11) v, = Ax,

12m’ C
(12) x, +L, = P—-_-—,A(df;)z + ;j-

pe(wpz V.,.e

(13) P =30 cxp WiV

(14) &, = 27.7C,/v,

It can be shown that for high muzzie
velocities the desirable minimum volume rifles
occur at high loading density. If the required
loading density is impractical, there are two
possible remedies. The loading density may be
reduced by using smaller values of X or
smaller values of V. In the usual case, it
would be better to use smaller values of A
than to use smaller values of V. In general,
however, some calculations for smaller ¥V,
should be made to determine whick pro-
cedure for reducing the loading density yields
the smallest final weapon volume. For calcula-
tions involving ¥ < ¥V}, the equations of Ref.
6 can be used up to V =V,. For ¥ > V, an
“after burmnt™ solution such as given by
Hirschfelder (Ref. 8) must be used.
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521 THE SHORTEST GUN FOR A
SPECIFIED MUZZLE VELOCITY

The barrel length can be obtained from

Ly = %5 =%,

Subgtituting x,, from Eq. 562, x, from Eq.
5-61 for the condition ¢ = 0 into the above
obtain

- 12 ! ’ v
L= m‘f@y[m WV = 1] (5-67)

The minimum barrel length is determined
when

Q-L-l =0
O
Henc-
- epllals) =3 4 v, exp (V) = 0
Vm (5~68)

The solution to Eq. 5-68 yields
Vo = 1.594/V,,

The complete solution for the minimum
barrel length rifle is then the same as outlined
in the preceding section with the exception
that for a calculated f, the cosrresponding
value of A is determined from the f; curve as
shown in Fig. 5-18,

5-22 NUMERICAL EXAMPLE

The following is a demonstradon of the
method of par. 5-20 applying the indicated

steps.

Given the following propeliant values:
n =28.6 in*db!

1/p =117, ind-p!

B =6.5x 10 pec!

F  =3.3 x 10° (ft-'b)-1b"!

The following gun and projectile values
have been chosen.

A =12 in?
m =0.5 sluyg
A, = 8 {o?
Vo = 1500 fps

It is required to determine the barrel length
L,, for minimum volume rifle. For the first
calculation, a peak pressure of 10,000 psi is
chosen

L -—2-—;- ’ '1
U = Togp = 1.33 107 (fps)

FVa N = 11,33 x 1073)(6.5 x 10°%)
x (3.3 < 10%)/(12/8) = 1,92

A =0.58 (from Fig. 5-18)

C; = 6 Ib (estimated)

m’ = 1.04[0.5 +1=0,58 6] = 0.546 slug

3(32.2)

B =6.5x 10 in.«(psi-ecy!
(from Fig. 5-17)

~4) (1
) @.545)(6.5:2 107)(1500) _ o 044 in.

W,

c, - 8.5 107)(8)(0, 044)
27 (0.58)(6.5 x 107

=86,06 1b

¥, = 1,28 x 10°* (from Fig. 5-19)

_ 12(0.546)(2, 71828)*
*m T 139(12)(1. 28 x 107%)%(2. 71828)

WL,
& f.’Ji‘IY—Q (the !’ad"m = 2)

=90,6 +8,6 =99,2 in,




ke
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1 = J2.(0:546) [(2.71828) — 1] p. = 1041, 28 x 10)%1500)(2, 72828) %
= 7 10'(12)(1. 28 x 10°)*(2. 71828) ™ 1.3 x 1073(1500)(2. 71828) |

= 78,3 in. = 6830 psi

v, =12[99.2 - 78.3] = 250, 8 in?

12(0. 546 The rifle weight can then be calculated by the i
Lr = Tofaz)(1.28 x 1070 method of par. 5-35. ;
3 ,16.06)QQ7,1) 250, 8 The process is repeated for several choices
' 12 12 of peak pressure and a plot of weapon weight !
=383.3 +8,6 -~ 20,9 =21.0 in. vs peak pressure results. i]
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SECTION VII

INTERIOR BALLISTIC SOLUTION USING DIGITAL COMPUTER

The digital computer is an excelicat tool
for solving the interior ballistic equations
without *he need for additional simplifying
assumptions.

An actual computer program will not be
rresented in this handbook since it is simple
to write a program given a thorough uider-
standing of the physical principles. It is
important, however, that the user of the
program determine that the program indeed
i¢presents his physical problem, or requires
modification.

A basic rationale employed in writing the
program follows:

(1) An initial shot-stort pressure as dis-
cussed in Chapter 11 is chosen.

(2) Over a short interval of time, e.g.,
0.0001 sec, the pressure in the gun is assumed
to be constant. If P, is the actual pressure at
the beginning of the time incrament and P,
the pressure at the end of the time increment
then it is assumed that an average pressure P =
(P; + Py)/2 is constant over the time in-
crement. The error of this assumption is
negligible over a sufficiently short time ia-
crement. The velccity V, travel L, propellant

burnt N, and propellant gas accumulation N’, -

based on the assumed average pressure are
then

V, =V, +£‘;13(A:), fps (5-69)
12 ,
Xe =xg ¥+ -2-(V1.+ Vo)A, in, (5~70)

C;B _
Ny =Ny +——PBat, 1b (5-71)
W,

C.B [T\t \_
N} =Nj + ['v'v!,— - k\—;) A,]PA:, 1b
(5=72)
where a value of T is obtained from solving

the « nergy equation, Eq. 547.

(3} The pressure P; at the end of the time
increment can then be calculated from the
equation of state, Eq. 5-35, as follows:

P = 12FN§'21:“(A(::0 +1)
-]

- -
- (C‘ ~ Nz)—nN.",] , psi

(5=73)

The calculated average oressure P' = ( P, +
P4)/2) is then compared with the assumed
average pressure.

@ IfIP' Pl > 109 psi, for example,
repeat the calculation using the value of P as
the assumed average pressure. After a few
iterations the assumed and calculated values
of average pressure will converge toward a
true value and

|P' — P 1< 100 psi

At this point the calculation is sufficiently
accurate and the next time increment can be
calculated.

(5) For the first time increment, P, is
taken as the value of shot-start pressure with
x; =0and V; = 0. As a first approxirration
in each increment, the assumcd average pres-
sut¢z can be taken as equal to the initial
pressure of the increment.
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" \ (6) A running tabulation of all variables is lates A(¢), ¥(t), and x{¢) for a given set of ‘;

: ! kept and, when the amount of propellant weapon %arameters, it is recommended that q

5 humnt equals the propellant chiige, the pio approximate values of optimum gun para- }

gram switches to the governing equations meters first be calculated by the method of i

applicable to the “all burnt” condition. Section VI The parameters then can be uscd

as inputs to the digital computer for a more s

3 Sincc the computer program only calcu- accurate solution.
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SECTION ViII

SOLUTION FOR AFTER “ALL-BURNT"” CONDITION

523 INTRODUCTION

In the previous discussions of the interior
ballisiic equations, it had been assumed that
the propellant continued to burn to muzzle
exit so that a solution afte. “‘all-burnt’ was
not required. This is often the case in the
design of a recoilless rifle since it results in a
high piezometric efficiency and therefore a
light gun.

However, it may be desirzble to end propel-
lant burning sooner than muzzle exit. When
the propellant charge is consumed before
muzzle exit, the interior ballistic equations
must be modified o reflect simple gas expan-
sion. The projectile velocity coinciding with
end of burning is designated +";. Normally the
minimum weight weapon corresponds to ¥, =
Vs, however, in practice, it is ucually desir-
able to end propellant burning before muzzle
exit to avoid excessive discharge of unburnt
propellant.

5-24 MODIFICATION OF EQUATIONS
FOR “ALL-BURNT” CONDITION

The basic equation for the rate of accumu-
lation of gas in the rifie must be modified
after all-bumt. The weight of gas N}, in the
weapon at the end of buraing is

N} =8,Cy, 1b (5-74)

- T \1/2
6,=1-2 (%“) , dimensionless
b

C, = propellant charge weight burned,
Ib

Thereafter, tae amount of gas in the recoilless

rifle decreases as gas is discharged through the
nozzle. At this point, the equation for the
weight N’ of the residual gas in the weapon is

T \1/2 A‘_
? e A - el 3 ' £ !
N’ =N} k(T) (m Abv), 1b (5-175)

The introduction of this equation for N’
permits a solution for the pressure and
velocity.

525 SOLUTION OF EQUATIONS FOR
“ALL-BURNT"” CONDITION

The step-by-step procedure pre..aied in
Section V can be continued for the case
where V' > V,, as follows:

The equations are

(1} N}/C, =8, dimensionless

(2) 1, ={(v = 1A +1]!/?, dimensionless

() g,=(1 =J)r/2, dimensionless
where J, = 0 for P, =0

(4) g4 =1-~g,T;, dimensionless

B) Np/Cy =gy ~ g/ (To/THV?,
dimensionless

wnere

T,
T,

Nl
(8) ¢, = 2(3‘1 - C—.:)/(Nf./cz)y

dimensionless

(7) ¢ =1/¢, +1, dimensionless

T, \1/2 _
(—1) = 1/(T,/T)'/? for up to “all-burnt”

'z;
,‘%
]
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(8 ¥=1+(1+8)y~-1), dimensionless

Xy
12m’V§(;‘%>

(9 & = 0Pl -7 dimensionless

t

10) ¥’ = {1 +[1 + @2 - Pggloi™2t,

_ v
'-tz[w -y - 1)-‘;;]/
(V )(7-1)}.(1 19-1)
) v,

(11) x = Y'x,
r P
_p 192 ( .‘_’.)]
12 = -
(12) P = P, v ) v,
5-26 EXAMPLE

In par. 5-19, a numerical example was given
in which buming ended with a muzzie veloc-
ity V,, of 1120 fps. Assume that nothing is
changed in the previous example except that
the required muzzle velocity is 1200 fps.
Thus, at the end of burning

v, = 1120 fps
Xy = 140 ino
Pb = 7641 pSi

The problem is to calculate new values of x,,
and P, as follows, using the steps outlined in
par. 5-25:

AR T S, SRR AL Rl e T e 1 AR Ml 0 £ aiad

I, = [(1.24 = 1)(0.537) +1/2 = 1,062
g, = 0.537/2 = 0,268
g1 =1 =~ (0.268)(1.062) = 0,715

: 0,268
b = - X251
o 0.716 1.003 0.470

0,715 = 0,470
¢ =2 i ) = ] 042
2 ( J. 470 ) *

1
¥ =71 043

+1=1,959

vy=1+(1+0,2)(1.24 —-1) =1,288

_ 12(1. 095)(1120)*(p
£2 = GB5(7641) (L. 043)17®(2 ~ 1, 24)
= 1,402

Y = {1 +[1 +(2 = 1,288)(1, 043) ](1, 043)¢ 128221 402)

_ (1.402)[1,959 - (1.288 = 1) ig&]}f-'m-m—m

1,959 = (mu.zu-n

= 1.406
Xm = 1.406(140) = 197 in.

Ly = %y = %, = 197 ~ 50 = 147 in,

_ 1,043 1200 {!-288
P, = 7641[1"-—" 106 (1. 959 —1120)]

= 4460 psi
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SECTION IX

HEAT TRANSFER

527 INTRODUCTION

The transport of thermal energy from
propellant gases to the bore and nozzle
surfaces of the recoilless rifle deserves serious
co.sideration. Heat trausfer degrades interior
ballistic performance, increases the erosion of
nozzle ana bore surfaces, may cause pre-
mature ignition oz chemical deterioration of a
round of ammunition, introduces difficulty in
the handiing of a choulder-fired recoilless
rifle, limits the maximum rate of fire and
{inally, but not the least important, dimin-
ishes the physicai strength of the gun material
as the temperature of the barrel rises. For
example, in the Jatier consideration, the
strength nf some gun steel alloys drops
approximately 18 percent for a rise in temper-
ature from 70° to S00°F. This loss in strength
assumes even greater importance when one
considers that the recoilless rifie has a very
low overall heat capacity compared to the
conventional closed breech system; this fact is
reflected in a significantly higher and more
rapid temperature rise.

The problem of estimating the temp=zrature
distribution through the wall of the chamber
and barrel as a function of time is challenging.
The paragraphs that follow provide some of
the theoretical bases upon which a satisfac-
tory method of temperature estimation is
obtained when conrbined with a minimum of
experiment:! support.

5-28 BASIC EQUATIONS

Based on the assumptions that (1) heat is
transferred conductively only in the radial
dir=ction of the gun barrel, since the effects
of longitudinal and circumferential heat fiow
are slight, (2) . : gun barrel is of infinite

length, and (3) convective heat transfer occurs
at the intericr and e:terior gun walls, the
basic equations for thin -salls and little
curvature describing the hecat transfer in the
recoilless rifle are:

o [azoarselt}] - 89;:” t) (5~76)

with the boundary conditions

(1) - kr[%(a*‘o;'t-)'] = hg[e(O,t) - 9‘]

@) - kr[go—g-’-t-)] = h,0(w, t)

and the initial condition that
8w, =0

where

0(r,i) T, (nt) — T, = wall tempera-

ture above ambient, °F

T, (rt) = wall temperaturs at position »
and time ¢,°F

T, = ambient temperature,’F

r = outward radial distance into
wall, in.

t = time, sec

o' = diffusion constant, in?-sec™!

kr = thermal conguctivity of rifle,
Btu-(in?-sec-°F/fin.)™!

h; = heat transfer coefficient at in-

terior wall, Btu-(in?-sec °F)™!
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AMCP 708-238
h, = heat transfer coefficient at ex-
terior wall, Btu~(in?-sec.’°F)”
w = wall thickness, in.
6, = propellant gas temperature

above ambient, deg F.

29 SOLUTION OF THE EQUATIONS

The temperature of the recoilless rifle
now will be determined by two differ-
ent methods of solving the basic equa-
tions presented in par. 5-28. The first
method defines an equilibrium temperature
on a single shot basis, and then determines the
round necessary to achieve any particular
percentage of this equilibrium temperature at
a specific rate of fire, The secc nd method
deals with the determination of the weapon
temperature as a continuous function of the
number of rounds for a given rate of fire.

Before discussing either method of solu-
tion, it is possible to write the basic equations
in dimensionless form by introducing the
following dimensionless quantities which are
referred to as reduced distance {, rvduced
time 7, and reduced temp-rature :

E=r/w
T =t/t,
<P = 9/ ‘)O

where 6, = maximum temperature above
ambient at inner wall, °F, and ¢, is defined as

o =wt/a’, sec

Substitution of these quantities into Eq. 5-76
yields

Fo(t, 1) ¢l T) _
T (65-17)

5-62

where

e(t, 1) = 0(—:& = O(wa £q7) , dimensionless
[+ (]

Since the ballistic cycle of a recoilless rifle
is approximately 12 msec, and the rate of fire
usually does not exceed 20 rounds per mi~ute
(3 sec between rounds), the heat input to the
nfle can be defined as a delta “function”, i.e.,
a certain quantity of heat is instantaneously
transferred each time a round is fired. The
entire formal problem can then be described
as follows:

—?;y—”za‘;”)=§£(3§i)o<e<x, r>0

(5~78)
8¢(0,7) X
T
-—3—£!-—=-Q{,n;6['r - (1 ~ D7g)
(5-79)
d¢,7 _ -
T B'e(L,7) (5-80)
¢(1,00=90 (5-81)
where
o Qw ol
Qo = krboty’ round

@, = heat flux input per round,
Btu~(in. 2~-round)™!

k' = hw/ky, dimensionless

h = heat transfer coefficient,
Btu=(iu. 2~°F~gec)™!

8lr = (n ~ 1)1g] is the delta function
defined in such a manner that

“ﬂ
J O(x)Mx = 1, and §(x) = O forx #0;

where in this case,x = 71— (n — 1) 75.
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Tz = dimensionless time between rounds
= (toR f)-l

To determine the temperature of the exter-
ior wall on the basis of pulsed heat input at
the inner boundary and convective heat loss
at the outer boundary, the dimensionless Egs.
5-77 through 5-81 are solved through the use
of Laplace and inverse Laplace transforms as
outlined in Ref. 9. The final solvtion of the
reduced temperature at the exterior is written
as

@1, 7

N
- Zl: Hir = (n = Vrplexp {=#'[r = (n = Drgl}
= M,

(£-82)
where

v(1, 7) = reduced temperature at exterior
wall for reduced time 7, dimen-

sionless
H = Heaviside function which has the
following property
( 0,t<S
Ht=8 ="
lne=s

1/M, interpreted as initial, reduced
temperature rise

My~ (" +1)/(2Q,), dimensionless
(5-82a)

In the determination of an equilibrium
temperature by the single shot analysis the
assumption of coavective cooling at the
exterior surface still holds with the additional
assumption that the heat transfer coefficient
h is constant with change in temperature.
From an energy balance, the following holds:

Rec Wy, Z—;‘:— = @Ry ~ 60RA,0, Btu-min™!
(5-83)

AMCP 705-238
where
9 = heat transferred to the
weapon per round,
Btu-ronnd !
R, = rute of fire, rounds min™?
9o Ry = heat transferred to weapon

per unit time, Btu-min™!

60hA,, 0 = heat loss by cooling per unit
time, Btu-min™!
de _ in of .
Ree, Wy, gn _ het gain of heat in weapon
per ur.t time, Btu-min™!

W, = weay on weight, 1b

c,, = specific heat of weapon, Btu-
(lb weapon 'OF)-I

A, = surface area of weapon being
heated, in®

dé - .

—_ = change in weapon tempera-

dn ture per round,®F-round™

The solution to Eq. 5-83 may be written as
0(n) = 0,[1 ~ exp (= nhy'l, °F  (5~84)
where

R
6, = 2oy equilibrium temperature, °F
GURA,

_ 60RA, ot
hﬂ - R,cwWw’ rou

The initial temperature rise 8,, i.e., n = 1, is
then expressed as

6y = 6(1) - 6(0) = 6,[1 — exp (- &,)] (5-85)

Solving Eq. 5-85 for 8,

L S
1~exp(—hy

6e

|
|
3
;
!
i
|
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The temperature decay 6, after thz initial
temperature rise is given by

894 = 0y exp [hA,t/(c W )]

Therefore, the temperature rise 6;, just
before firing the second round is

60k A,

012 = 64 WP("W) = 6y exp (= h,)

or

0
-0111= BXP("'hn)

Substituting into Eq. 5-85 and then Eq. 5-84,
the equilibrium temperature 8, becomes

6, _ g%

1 - Oy " 6, = 6y (5-86)
6y

0, =

and the temperature of the weapon at round
“n” given by

-] - (]
0y ~ 8y, 6y (5-87)

5-3C TEMPERATURE DISTRIBUTICN
DATA

5-30.1 THEORETICAL CALCULATION

The solutions for both the single-shot
analysis, Egs. 5-86 and 5-87, and the multiple
number of rounds for a given rate ¢ fire, £q.
5-82, methods have been determined and
described in graphical form, Ref. 9, and are
presented in pars. 5-30.1.1 and 5-30.1.2.
Given the round number n, rate of fire Ry,
cooling factor A, the maximum temperature
at inner wall 7, and the temperature of
inner wall after first firing T, the exterior
wall temperature easily is calculated by either
of the procedures outline.i in pars. 5-30.1.1
and 5-30.1.2.

5-64

5-30.1.1 Single-shot Analysis

The solution to the single-shot analysis nas
been plotted in the form of nomograms as
shown in Figs. 5-20 and §5-21. Fig. 5-20is a
nomogram of equilibrivmn temperature as a
function of initial temperature rise 8, and
subsequent temperature decay 64 until the
second round is fired. The quantities 6/6,, Ry,
n, and h' are paired, respectively, with an
indexing axis drawn between #/d, and R
(Fig. 5-21). In order to determine 8/, —given
h'=0.033, n=40, and R = 2~the following
procedure is used.

(1) Construct the straight line determined
by the points /4 ’and n, and extend the line to
intersect the index (Fig. £-21),

(2) Construct the straight line determined
by the point of intersection on the index and
the point on the Rpaxis determined by the
rate of fire. This line intersects the 9/6,-axis
at the correct value (0.5).

The resuits obtained by using these results
from the single-shot analysis have proven
successful, being within the experimental er-
rors shown in Table 54(A).

5-30.1.2 Datermination of Temperature as a
Function of Round Number and
Rate of Fire

The solution for the exterior wall tempera-
ture as found in Eq. 5-82 may be interpreted
as discussed in the paragraphs that follow.

After the initial temperature rise, the tem-
perature begins its decay in such a manner
that when the second round is fired, its
contribution to the exterior surface tempera-
ture is added to the residual effects of the
first round. In a similar manner, immediately
after firing the third round, the temperature is
calculated by adding the contribution of the
third round to the residual effects of the first
and second rounds. This process continues
until no further rise in the peak temperature
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Figure 5-20. &quilibrium Temoperature as a Function of nitial
Temperature Rise and Decay

occurs, i.e., the equilibrium temperature has
been attained. In other words, the contribu-
tion of the last round is exactly negatec by
the decay of the preceding rounds.

The quantity 1/M; may also be interpreted
as the initial, reduced temperature rise

0
M'{l = =‘0‘L

1
M9, (5-88)

where 6, is the maximum temperature rise a:
the inner wall. This quantity is independent
of the rate of fire and is a function of caliber

insofar as Q, and H are functions of caliber.
Therefore, the dimensionless quantity M, isa
generalized quantity not only with respect to
temperature, but also with respect to caliber.
Figs. 5-22 through 5-31 are graphs ¢f M/, ¥ vs
n for surface conditions A '=0.02 to 0.20 min™!

A typical calculation would be

Given:
T,=50°F
T, =500°F

5-65
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. TABLE 5-4 i
i 1
o ! COMPARISON OF THEORETICAL AND OBSERVED TEMPERATURE DATA i
\
. {(A) Based on Single-shot Analysis )
Rate of Fire Equilibrium Temperature 6, °F
Caliber, mm Ry, rd/min 8, 0y Calculated Observed Eroi, % :
57 05 45 9 225 213 6.0
57 20 46 5 423 443 45 ;
105 05 29 7 120 127 5.5 ;
106 05 28 6 130 133 2.2
(B} Comparison of Observed and Calcuiated
Results for the 57 mm, T6GE2 Recoilless ¥
Rifle based on Determination of Tempara- k
‘ . ture as a Function of Round Number
: { and Rate of Fi